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PREFACE

This report presents the results of the work performed ,from 17 September 1977

to 31 March 1980 by the Douglas Aircraft Company under Air Force Contract

F33615-77-C-5198 on Metallurgical Characterization of Superplastic Forming.

k The contract was administered by the Air Force Wright Aeronautical Laboratories,

Wright-Patterson Air Force Base, Ohio, with Mr. W. R. Kerr as the program

'C monitor.

The two-phase program was conducted in the Materials and Process Engineering

Department of the Douglas Aircraft Company (DAC) of McDonnell Douglas Corporation

with Dr. T. L. Mackay as the Program Manager. Phase I of the program on materials

processing was conducted under a subcontract by DAC to Crucible Materials Research

Center (CMRC), Colt Industries, Inc., and Mr. C. F. Yolton o'f CMRC directed this

effort. For Phase I1, superplastic testing was conducted by the McDonnell Douglas

Research Laboratories under the direction of Dr. S. M. L. Sastry, and superplastic

forming evaluation was performed by DAC under the direction of Dr. T. L. Mackay.

This program was undertaken to determine systematically the effects of micro-

structural and process variables on the superplastic behavior of an alpha-beta

titanium alloy, Ti-6A1-4V, and a beta-titanium alloy, Ti-15V-3Cr-3Sn-3Al. The

- scope of the program was subsequently expanded to include'Ti-3AI-2.5V, Ti-6A1-

2Sn-4Zr-2Mo, simulated coil-rolled Ti-6A1-4V, and Ti-8Al-lMo-IV. The greater

understanding of superplasticity in these titanium alloys gained from this

program should lead to a more efficient utilization of superplastic forming/diffusion

bonding (SPF/DB) of titanium alloy parts in advanced Air Force systems.
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SUMMARY

The major objective of this program was to establish the effects of metallurgical

variables on the superplastic behavior of alpha-beta and beta titanium alloys. The
metallurgical variables that were studied included grain size, beta transus, primary

alpha, texture and anomalous microstructures in alpha-beta titanium alloys. The

alpha-beta titanium alloys selected for this program included Ti-6AI-4V, Ti-8AI-lMo-
lV, Ti-6A1-2Sn-4Zr-2Mo, Ti-3AW-2.5V. The beta alloy used in this study was

Ti-l 5V-3Cr-3Sn-3A1.

The effects of alloy chemistry, grain size, volume fractions of constituent phases,

and anomolous microstructures on the superplasticity parameters at 800-9000 C
(1472-1796*F) of alpha-beta titanium alloys near alpha alloys, and a beta alloy were
determined by strain-rate cycling, flat-r~ng compression, constant-stress, and

constant-strain-rate tests. The strain-rate and strain (or equivalently, time)
dependences of flow stress and strain-rate sensitivity were identified as the most

impcrtant superplasticity parameters, with the continuous changes in alloy micro-

structures during superplastic deformation requiring proper consideration.

In the alpha-beta and near-alpha titanium alloys, the flow stress decreases and the
strain-rate-sensitivity and necking resistance increase with decreasing grain size

at 350-950"C (1562-1742°F) for strain-rate of 10-, 10- sl With increasing strain
and time, the strain-rate-sensitivity, m, decreases, the flow stress at constant

strain-rate increases, and the strain rate at constant applied stress decreases as a
consequence of increasing grain size. The flow stress at a constant strain rate of
different alpha-beta alloys is uniquely related to grain size, beta transus temperature,

and volume fractions of constituent phases at the test temperature. ELI grade

Ti-6AI-4V and Ti-3A1-2.5V have lower flow stresses than the other alpha-beta and near-
alpha alloys tested. Ti-6AI-4V alloys with elongated-alpha have significantly higher
flow stresses and lower strain-rate sensitivIties than regular grade Ti-6A1-4V. The

blocky-alpha texture and banding microstructures have only small effect on the super-
plastic characteristics of Ti-6A1-4V. Because of the extensive grain growth in the

beta alloy at high temperatures, the flow stress is considerably higher and the strain-

rate sensitivity is lower than in Ti-6A1-4V.
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A conical die was designed to provide a constant stress during forming at a fixed

pressure. The straining in cone was shown to be quite uniform for alpha-beta
titanium alloys. Biaxial strain-rates in conical die agree quite well with uniaxial
strain-rate cycling data at high strain rate and short forming times. The conical
die forming provided a good measure of straining at the slower strain rates and
longer forming times where strain-rate cycling data was very inadequate due to

grain growth. Biaxial forming studies confirmed that the two basic properties

for superplasticity in alpha-beta titanium alloys were fine equiaxed alpha grain
size and the ratio of the forming temperature to the beta transus.

For all the alpha-beta titanium alloys studied a small drop in tensile properties
was observed for superplasticially formed sheet compared to the as-received material
in full annealed high primary alpha condition. No appreciable degradation was ob-

served in fatigue properties of superplastically formed alpha-beta titanium sheet.

A single constitutive equation was obtained for the grain size, time and temperature
dependences of strain-rate and this equation accurately describes the superplastic

behavior of all alpha-beta titanium alloys investigated. This constitutive equation
can be used to construct various three-dimensional plots involving flow-stress, strain,

strain rate, strain-rate sensitivity, grain size, and temperature, and these three-
dimensional plots are useful for determining the conditions for superplastically form-

ing a titanium alloy of known grain size and beta-transus temperature.
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SECTION I

INTRODUCTION

Titanium alloys are attractive for use in aircraft structures because of their

excellent corrosion resistance, high strength-to-weight ratio, and high fracture-
toughness. The shortage of titanium sponge and escalating fabrication costs of
titanium mandate that aircraft design and the utilization of titanium alloys be
more efficient. To reduce structural weights and fabrication costs of titanium
alloys, increasing attention is being given to near-net-shape processing techniques,
which include powder metallurgy, isothermal forging, and superplastic forming.

For the fabrication of thin-section sheet-metal parts, superplastic forming with
concurrent diffusion bonding (SPF/DB) has emerged as a practical lower-cost and
material-saving method of fabrication. SPF/DB offers design freedoms not
possible with conventional forming processes (Reference 1).

The cost and success of superplastically forming titanium-alloy aircraft parts
depend on the size of the parts, the microstructure of the alloy,and process
variables (temperature, pressure and time). Because few systematic studies have
been made of the effects of material and process variables on the superplasticity
of titanium alloys, this investigation was conducted with the objectives of

dplineatino the effects of metalluraical and process variables on SPF/DB processing
and establishing quidelines for optimizinq alloy/processing combinations.

Previous investigations have given inadequate attention to the strain and time
dependences of the superplasticity indices (flow stress and strain-rate sensitivity
of flow stress). No attempts were made in earlier studies to produce systematic
variations in the starting microstructures, and the limited ranges of microstructural
and process variables studied were not sufficient to completely determine the
limits of superplastic formability of titanium alloys. Furthermore, no attempts
wiere made to correlate laboratory test data with actual superplastic forming data.
The alloys and processing schedules selected for this study provided wide variations

in alloy compositions and microstructures, and the previously ignored time and
strain dependences of the superplasticity indices were given special emphasis. The
effects of microstructural modifications resulting from SPF/DB on the properties
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of the formed parts were studied, and uniaxial laboratory tests as well as

biaxial production tests were used to characterize superplastic formability.

The results of the investigation advance the understanding of superplasticity

of titanium alloys and indicate the potential for improving SPF/IB of titanium

alloys.
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SECTION II

TECHNICAL BACKGROUND AND PROGRAM PLAN

2.1 Superplasticity

2.1,1 The Superlastjci tyPhenomenon

Superplasticity, a necking-resistant flow which results from a high strain-rate
sensitivity of flow stress, is generally associated with elongations of 100% or

greater in tensile tests. The essential requirements for the occurrence of super-
plasticity are (1) a temperature Vreater than 0.5 T , where Tm is the melting

In
9 temperature, so that diffusional processes are dominant, (2) equiaxed grains,

<10 Pm in size, so that flow stresses are low and the grain-boundary sliding

contribution to strain is high, and (3) a two-phase microstructure to retard

grain coarsening. Many studies have been devoted to the mechanisms of super-

plasticity, but comparable studies have not been conducted to provide guidelines

for the practical utilization of superplasticity in minufacturing operations.
Because of the capability of the process to produce, at low gas pressures of
O.3/-IMPa (50-150 psi), complex-contoured shapes of uniform thickness requiring

greater than 300% deformation, superplastic forming has emerged as a practical
advanced fabrication technique for large titanium alloy structural parts.

The superplastic formability of a material is related to the flow parameters

(temperature, strain rate, flow stress, and strain), the initial microstructure,

and the microstructural changes that occur during superplastic deformation. A
sigmoidal relationship between the flow stress and strain rate and the correspunding
variation of strain-rate sensitivity, m, with strain rate, as shown in Figure 1,

haave been proposed to be indicative of superplasticity. However, recent investigations

(References 2 and 3) have established the inadequacy of plots such as those ii
Figure 1 for completely describing the superplastic characteristics of a Mnaterial.

For superplastic behavior, the strain rate sensitivity of flow stress (defined by the

relation m = dlno/dlnt, where a is the flow stress and ý is the strain rate) is
large (m >0.3) compared with normal behavior (m*0.,-0.2). The resistance of a material

to the formation of an incipient neck during elongation increases as m increases

because a developing neck increases the local strain rate and thus increases the strain

required for necking to continue. If the applied stress is insufficif.:it to propagate

the neck, the remainder of the specimen continues to deform plastically.
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Figure 1. Typical strain-rate dependences of (a) flow stress and (b) strain-rate sensitivity, m, of
flow stress for Ti-6AI.4V at superplastic-forming temnperatures.
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Empirically, m values of 0.3-0.5 are necessary for superplastic behavior, and

most superplasticity at least have used only the m-value to characterize the

superplasticity of a material. Soviet investigations (Reference 4) have not

generally used the strain-rate-sensitivity index to describe the superplasticI behavior. Instead, they characterize superplasticity by the simultaneous

occurrence of anomalously large uniform elongation, absence of necking, and

anomalous reduction of flow stress.

The mechanism of superplasticity involves grain-boundary sliding with accommodation

at triple points by either atomic diffusion or dislocation motion (References 5-8).
Diffusion-accommodated flow is less dominant as the strain-rate is increased

above about 10 s -I At high strain-rates, dislocation interactions dominate

and cause work-hardening; consequently, tensile elongations are not abnormally

high. At high strain-rates, a finer grain-size nevertheless is advantageous

because of lessened load requirement! for high strain-rate forming.

2.1.2 Superplasticity of Titanium Alloys

Although phase-transformation superplasticity in titanium was reported in

1965, the first indication of structural superplasticity in titanium alloys under
isothermal conditions was reported by Lyttle, et.al. (Reference 9). The first

detailed study of the superplasticity in titanium alloys was conducted by Lee

and Backofen (Reference 10), who observed large tensile elongations up to 1000%
and a high strain-rate sensitivity of flow stress (m = 0.8) at 900°C (0.65 Tm)
in titanium alloy microstructures with grain sizes of 6-24 Um. A cursory study

(Reference 11) of the superplasticity of six different heats of Ti-6AI-4V produced
to MIL-T-9046 specifications reiterated the conclusions of Lee and Backofen,

although the effects of microstructural and process variations on the degree of

superplasticity were incomplete and inconclusive. The results of a recent study
by Arieli and Rosen (Reference 12) invalidated the previously reported optimum

superplasticity conditions, namely, peak m-value and a sigmoidal relationship

between flow stress and strain rate.

2.1.3 Effects of Metallurgical Variables on the Superplasticity of Titanium Alloys

1. Alloy chemistry: The effects on superplasticity of alloy chemistry arise

from (1) the solid-solution strengthening effect, (2) the effects of alloying
elements on the beta-transus temnperature and volume fractions of constituent

phases, and (3) the effects of alloying elements on the diffusion rates. At

the high temperatures and slow strain rates encountered in superplastic forming

5
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of titanium alloys, the solid-solution strengthening contribution to the flow

stress is not significant, although the alloying elements alter the strain-rate

sensitivity of flow stress. Alloying additions such as aluminum, carbon, nitrogen,

and oxygen are alpha stabilizers in titanium alloys and raise the beta-transus

temperature, whereas vanadium, molybdenum, chromium, and iron stabilize the beta

lattice and lower the beta-transus temperature. Thus,variations in concentrations

of the alloying elements result in varying amounts of alpha and beta phases at

high temperatures and affect the superplasticity indices. Depending on the relative

sizes and crystal structures of the solute and solvent metals, the diffusion rates

are either enhanced or lowered. Because superplastic deformation occurs predominantly

by diffusion processes, enhanced diffusion i'ates are conducive to higher initial

deformation rates, but because enhanced diffusion promotes faster grain growth,

the deformation rate may decrease with increasing time.

2. Grain size: Grain size is the single material variable that has the most

pronounced effect on superplasticity of titanium alloys. Superplastic behavior is

generally observed for grain sizes <10 pm. For improved superplasticity, a

smaller grain size is desired because with decreasing grain size, the flow stress

decreases and the strain-rate sensitivity of flow stress increases. The reduction

in flow stress with decreasing grain size is the opposite of the Hall-Petch grain-

size dependence of flow stress observed at low temperatures, where deformation

occurs by dislocation-glide processes. At any given applied stress in the super-

plastic region, a smaller grain size results in an increased strain rate because

of the increased contribution to total strain from grain-boundary sliding.

3. Phase distributions: Early research on superplasticity indicated the

requirement for superplasticity of a two-phase microstructure with approximately

equal amounts of phases of similar deformation characteristics. A large number of

interphase boundaries is beneficial for retarding grain growth. Recent investiga-

tions have shown that superplasticity can be conferred on fine-grained single-phase

alloys by incorporating stable second-phase dispersoids to retard grain growth

(.References 13-15). Superplasticity is significantly affected by the nature of

sliding boundaries. When grains of the same phase slide, local hardening in the

heavily-strained boundary regions is relieved by grain boundary migration, which

creates new strain-free material in which sliding can continue. Hardened regions

created by sliding at interfaces between chemically dissimilar phases cannot be

relieved by simple grain boundary migr&tion without redistribution of the solute atoms.

6



The stability of a two-phase dispersion at temperature in the context of super-

plastic forming is discussed in detail by Edington (Reference 16) A large

volume fraction and fine dispersion of one phase is desirable for good stability

(low growth tendency) of the other phase. At relatively low temperatures in

Ti-6A1-4V there will be a large volume fraction of alpha and a low volume fraction

of beta. However, because the temperature is low, little grain growth of alpha

will occur..At relatively high temperature, there will be a large volume fraction
of beta and a low volume fraction of alpha. In this case the temperature is such

that grain growth occurs. Little growth of alpha occurs because of the large

1 volume of beta phase. However, rapid grain growth of the beta takes place since

the small amount of alpha is insufficient to restrict beta grain boundary migration.

At intermediate temperatures a combination of intermediate growth kinetics and

relatively large volume fractions of the two phases( 50%) exist.

4. Crystallographic texture: Crystallographic texture is an important

structural parameter in assessing titanium alloys for service use. Texture influences

the high-temperature flow behavior hexagonal close-packed alloys other than titanium

alloys crystal structures. For example, with basal textured samples, high initial yield

stress and flow-softening are observed when the stress axis is perpendicular to

the sheet, whereas in samples that have fiber texture, normal stress-strain behavior

I • is recorded (Reference 17). In titanium alloys, however, a systematic study of
the influence of texture on high temperature flow behavior, particularly on super-

plastic deformation, is completely lacking. Because superplastic forming involves

exposure of parts to high temperature for prolonged periods, an evaluation of the
high temperature stability of texture is essential for predicting the properties

of the formed components and for successful implementation of the fabrication

processes.

5. Microstructural anomalies: The principal microstructural anomalies that

may affect the superplasticity of titanium alloys are elongated-alpha, banding, and

blocky-alpha. Elongated alpha results from insufficient working of Widmanstatten
alpha needles and annealing at temperatures high in the alpha-beta field. Although

Widmanst~tten alpha has been shown to have a deleterious effect on titanium alloy
superplasticity, the effect on superplasticity of coarse elongated-alpha has not
been well established.
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Banding is the term applied to alternate layers of heavily-worked alpha and

lightly-worked Widmanstatten alpha, The reasons for the occurrence of banding

are not clearly understood, but likely contributors to the phenomenon are inhomo-

geneities in chemical composition and the amount of deformation. The heterogeneous

deformation is accentuated by further working, which strings the nonhomogeneous

deformation regions into bands in the LT plane (along the L direction). Banding

adversely affects SPF behavior because of the presence of undersirable Widmb*nstatten

alpha.

Blocky-alpha is the term used for two different kinds of microstructural anomalies.

Originally, the term was used to refer to "blocks" of oxygen-enriched alpha phase

(basically rectangular on a polished surface) produced by holding the alloy for

long times at temperatures just below the beta-transus temperature. This anomaly,

once formed, is very difficult to remove. Blocky alpha has also been referred

(Reference 11) to coarse distorted alpha formed in alloys that have been thermo-

mechanically processed just below the beta-transus temperature dnd in the absence

of further recrystallization, these grains appear blocky, particularly in the LT

plane. These blocks of alpha are not enriched in oxygen and their influence on

superplasticity depends on the matrix microstructure surrounding the alpha blocks.

The amount of blocky alpha can be varied by varying the amount of deformation,

processing temperature, and annealing.

2.2 Program Objectives

The objectives of this investigation were to:

(1) Determine the effects of metallurgical variables (alloy composition,

grain size, volume fractions of constituent phases, crystallographic texture, and

temperature) on the strain and strain-rate dependences of flow stress for titanium

alloys.

(2) Identify superplasticity indices that characterize the superplastic

formability of titanium alloys.
(3) Develop a reliable, low-cost, biaxial production test method for

evaluating the superplastic formability of titanium alloys under different parts-

fabrication conditions and for validating laboratory measurements of superplasticity

indices.

(4) Determine the microstructural and mechanical properties modifications Iproduced during superplastic forming.

8



2.3 Program Plan

2.3.1 Allcy Selection and Processing

The alloys and microstructural variations selected for this investigation are

summarized in Figure 2. This titanium alloy selection and microstructural varia-

tions were made by louglas Aircraft Co. with Air Force Materials Lab concurrence.

The selections were made to determine the effects of wide variations of alloy

chemistry and microstructure on the superplasticity of titanium alloys and to

determine the ranking of various alloys for superplastic forming of aircraft

structural parts.

Ti-6AI-4V is the principal titanium alloy used in aircraft structures. Regular-

grade, normal-textured Ti-6A1-4V was selected as the base alloy for developing

a comprehensive metallurgical understanding of superplastic forming in alpha-beta

titanium alloys. ELI grade Ti-6AI-4V was selected because of its lower beta-transus

temperature, approximately 250 C (45 0 F) below the beta-transus temperature of regular-

grade Ti-6AI-4V. Because of the lower processing cost, fine grain size, and

potential for producing longer lengths that can be achieved by continuous coil

rolling of Ti-6Al-4V, simulated coil-rolled Ti-6A1-4V was selected. The other

alpha-beta alloy, Ti-3AI-2.5V, was selected because it has smaller concentrations

of alloying elements and a much lower beta-transus temperature than Ti-6AI-4V,

and it is used in aircraft secondary structures such as honeycomb and hydraulic

tubing.

The near-alpha alloys selected for this investigation were Ti-6A1-2Sn-4Zr-2Mo and

Ti-SA1-I1o-IV. Ti-6A1-2Sn-4Zr-2f1o is a high-temperature creep-resistant alloy with

potential for missile structure applications. The beta-transus temperature of

Ti-6A1-2Sn-4Zr-21o is close to that of regular grade Ti-6A1-4V. Ti.8Al-lflo-V

contains a large amount of the alpha stabilizer, aluminum, and small amounts of the

beta stabilizers, molybdenum and vanadium. Ti-8A1-lMo-lV has excellent elevated-

temperature creep and short-time tensile strength. Because of the recent interest

in Ti-8AI-lMo-lV for missile applications, the conventionally-processed alloy was

included in the investigation to determine the temperature and pressure ranges

required for its superplastic forming and diffusion bonding. This alloy, which has

a beta-transus temperature of 1030 0 C (1886 0 F),also increased the data base for

determining the influence of beta-transus temperature on superplasticity. In the

beta-alloy category, Ti-15V-3Cr-3Sn-3Ai alloy was selected because its superplasticity

9
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Figure 2. Alloy compositions and microstructures evaluated in this study. Volume fraction of
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was previously little studied. Ti-15V-3Cr-3Sn-3A1 is a metastable beta alloy with

excellent deep-hardenability and cold-formability, and it can be strengthened to

high levels by aging to precipitate hexagonal alpha phase in the body-centered-cubic

nmatrix.

The alloys were thermomechanically processed and heat-treated to produce the micro-

structural variations shown in Figure 2. The basic program was organized to provide

a broad range of metallurgical variables for regular grade Ti-6A1-4V.

The above procuring, processing and characterization of the titanium alloys in this

program was performed by Crucible Materials Research Center(CMRC), Colt Industries, Inc.

2.3.2 Superplasticity Characterization-Laboratory Tests

The method used by many investigators to determine the superplasticity indices

consists of successively deforming a tensile specimen to fixed amounts of strain

(usually 3-5%) at different strain rates and plotting the flow stress at a fixed

strain as a function of strain rate. The method does not account for work hardening

or softening because the flow stress is evaluated at small strains, and the effect

on flow stress of the grain growth accompanying large deformations is ignored. In

actual superplastic forming operations, the material is under load at high temper-

ature for longer times. Thus, for the laboratory test-data to be useful for forming

calculations, it is imperative to determine the flow stress as a function of both

strain and holding time at the test temperature.

Since laboratory test methods must simulate manufacturing processes to yield

practical information on the flow behavior of materials, incremental strain-rate

tests, constant strain-rate tests, constant stress tests, and flat-ring compression

tests were systematically evaluated and compared with the results of forming tests.

These laboratory tests were made at McDonnell Douglas Research Laboratory (MDRL).

1. Incremental strain-rate test: For incremental strain-rate testing, a single

specimen is strained at different strain rates, and the equilibrium load at each

strain rate is determined. For this investigation, the true stress and true

strain-rate were computed from load-displacement curves, and the strain-rate

sensitivity or m-value was determined by the slope of the third-degree polynomial

curve which best fit the flow-stress/strain-rate data. Previous investigations

have used slightly different methods for computation of m-values (Reference 18).

The time and strain dependences of microstructure and the variation of the steady-

state strain with strain rate make attainment of a true equilibrium load impractical
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Thus, the m-values obtained by short-time strain-rate-cycling tests

are only approximate.

2. Constant strain-rate test: Constant-strain rate tensile tests in a dry

argon atmosphere were performed on an MTS machine by changing the actuator speed

at regular intervals in direct proportion to the increase in the specimen gauge

length. The frequency of actuator speed changes was selected so that the instan-

taneous true-strain rate did not differ by more than 5% from the nominal value.

Most existing data on superplasticity have been analyzed on the basis of constant-

strain-rate testing although the experiments were conducted at constant cross-

head speed. Because of the large strain-rate dependence and large elongations

exhibited by superplastic materials, a correction must be applied to engineering-

stress/engineering-strain curves to indicate the shape of the flow curves expected

under constant strain-rate conditions, and these corrections significantly change

the m values. To obtain comparisons between constant strain-rate and constant

crosshead-speed (thus decreasing strain rate) conditions, constant-crosshead-speed

tests were also conducted in a dry-argon atmosphere on a gear-driven Instron machine.

The constant-strain-rate tests yield the best measures of the time and strain

dependences of flow stress.

3. Constant stress test: For constant-stress testing, the elongation of a

tensile specimen subjected to constant stress was monitored as a function of

time, and the time dependences of strain and strain-rate were determined at

different stress levels. This laboratory test simulates the actual forming

operation because stress is the independent variable in both cases. The test

provides an inexpensive and efficient mears of determining quantitatively the

effects of metallurgical variables and testing variables on superplastic behavior.

As will be shown later, the data obtained from constant-stress tests agree well

with cone-forming data.

4. Flat-ring compression test: The flat-ring compression test (References 19)

incorporates the frictional effects at the tooling/work-piece interface and gives

practical data on the flow properties of materials. The flat-ring specimen must

satisfy certain geometrical requirements (namely, the ratios outer-diameter:

inner-diameter: thickness must be in the range 6:3:2-6:3:0.5). The change in

diameter produced by a given amount of compression in the thickness direction of the

flat-ring specimen is related to the interfacial friction, M (defined as the ratio

12
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of the shear stress of the die lubricant to the shear stress of the material
undergoing deformation), between the specimen and the flat compression dies.

The interfacial friction factor and the strain dependence of flow stress can both
be calculated from measurements of the loads required to deform the rings to
different strains at a fixed strain rate. From tests on several rings at various
strain rates, the compressive strain-rate-sensitivity of the material can be
determined. The efficacy of different die lubricants can be quantitatively
assessed from flat-ring compression tests.

The flat-ring compression tests of this study were performed on 19-mm (0.75 in.)
O.D. x 9.5-mm (0.375 in.) I.D. x 1.5-mm (0.06 in.) thick ring specimens using
60-mm diameter 22-4-9 steel compression rams. The sample and the flat faces of the
rams were coated with Delta Glaze 68 lubricant. The rams were heated to the
desired temperature in a three-zone, resistance wound, split furnace. The ring
specimen was placed on the flat face of the lower ram and maintained at temperature
for 10 minutes before compression was begun. Compression tests were conducted in
argon at 906 0 C for strain rates of l103, 10-4 and 3 x 10-5 s- . Some tests were con-
ducted in a vacuum of 10-3 Pa to compare flow-stress/strain behavior in vacuum with
that in argon.

The flat-ring compression tests provide accurate data for the variation ol flow
stress with strain because necking and the inhomogeneous deformation generally
encountered in tensile tests do not occur in compression tests. The small initial
thickness of the rings made accurate flow-stress data above ;60% strain difficult
to obtain because the lead measurements were not representative of the ring
deformation loads.

2.3.3 Superplastic-Forming Evaluation

Laboratory superplasticity tests performed on specimens under uniaxial tension
provide quantitative information on the effects of metallurgical variables on the
high temperature deformation of titanium alloys. However, the effects of super-
plastic-forming fabrication conditions and multiaxial stressing cannot be determined
directly from laboratory tests, and the effects of gross material inhomogeneities

i ion superplastic forming may go undetected in tests of small laboratory specimens. Hemi-
spherical biaxial free forming of sheet material at constant strain rate, using
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gas pressure requires a complex variable pressurization cycle.

Therefore, a simplified, low-cost, test method was designed to evaluate the super-

plastic formability of titanium alloys under different fabrication conditions.

The superplastic forming evaluation was accomplished at Douglas Aircraft Company

following the laboratory tests at MDRL.

A conical die was designed to provide a constant-stress condition at constant

applied gas pressure during biaxial superplastic forming of titanium alloy sheet.

A cross-section of the die is shown in Figure 3. Analytical expressions were

derived for the stress and strain as functions of gas pressure, P, radius, R,

cone angle, a, cone depth, q, and initial alloy-sheet thickness, t (see Appendix A).

The results indicated that a cone angle of 570 provides a constant stress condition

at a fixed gas pressure,

R - cone radius
r = formed sheet radius

= cone angle I
to = starting sheet thickness ri R -
tf = formed sheet thickness A sheet

q -cone depth I

orLt
- -

r ' ~~conical diel •

F o n d42pf137 '
Figure 3. Ctoass~ction of conical dI* for sujpertsastic forming avaluation.
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The stress, a, on the part being formed when the material first touches the die
wall is given by (Reference 20).

R 2 2'..R ( + H-)-
SI- I (1)

where tI is the initial 'thickness, and H = q/RR i 0.595 for a conical die angle of
570. The stress on the forming part at any instant can also be determined from

thickness measurements using the relation

0 p, (2)

where a is the flow stress and x is the radius of membrane curvature.

The strain in the material undergoing superplastic forming is related to the

cone depth by the relationship (see Appendix A),

(q - q2)l n ,(3)

(q - ql)

where q is the instantaneous depth of the cone, q2 is the final depth of the
formed cone, and q, is the depth of the cone when the material first touches
the die wall.

Using a single die with several 570 cones having different cone radii, forming of
a single panel can determine the strain-rate dependence of stress for an alloy
from the applied gas pressure, the time of forming, and the final cone depths.

Note that the strain rate determined by this method is the average strain rate.
The sketch of the multiple-cone die with 570 cone angles that was used in this

15



program is shown in Figure 4. Type 430 steel was selected for the die based

upon the comparability of the thermal expansion of Type 430 steel with

titanium alloys at elevated temperatures.

The experimental procedure used for biaxial forming consisted of the

following steps;

(1) Heat 'the conical dies and titaniuml alloy to the desired forming

temperature in a flowing argon atmosphere.

(2) Soak at temperature for 15 minutes.

(3) Pressurize at a rate of 0.069 MPa (10 psi) per minute to the desired forming

pressure.
(4) Hold at coastant pressure and temperature for the presele:ted forming time,

The initial forming that occurs during the pressurization cycle was mea3ured

on titanium panels for each pressure and temperature cycle used in this

program to evaluate the forming that occurs during the constant pressure

period.

16
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(all sides)

-38.1 diem 25.4 diam

105.4

45.7

44.6 Dimensions in mmn
-- - 108.0

Figure 4. Mutlitlcone die configuration for superplestic-forming evaluetf on of titanium alloys.
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SECTION III

ALLOY PROCESSING AND CHARACTERIZATION

3.1 Regular Grade Ti-6Ai-4V (Normal Texture)

Starting stock for the standard grade Ti-6A1-4V was purchased from the Stainless

Steel Division, Colt Industries/Crucible Inc. Description of the materials and
characterization data are given in Table 1 for the standard grade Ti-6A1-4V alloy.
As is generally true for metallic systems, the grain size in Ti-6A1-4V can
bE changed by deforming (straining) the material sufficiently for subsequent
elevated temperature annealing to result in recrystallization. Weakly

textured material is produced by a standard hand sheet practice of cross rolling
3x to 5x final in the 8160 - 927 0C (1500*-l7O00F). Temperature is maintained by
the pack rolling technique, in which the material is enclosed in a pack which
allows the temperature of the material to be maintained in the critical range
during the rolling. The exact process sequence varies according to the structure/
propertiesof the starting material and the converter's capabilities. Therefore,
process verification trials were conducted before initiating production rolling.

The process verification trial covered two temperatures, 8430 and 913°C (15500 and
1675*F) and three cross roll factors, 3x, 4x and 5x. The starting stock,21 mm (0.840
inch)thick, was reduced to the penultimate gage by hot rolling from 941°C (1725*F)
Reductions were 15-18 percent per pass with a reheat after every second pass. The
sequence from the penultimate gage via pack rolling used a two sheet insert and
6.4 mm (0.25 inch) carbon steel cover plates. Again, reductions were 15-18 percent
per pass with reheats after every second pass. Tensile test data for the mill
annealed condition [I hr - 705*C (1300 0 F), air cool] are given in Table 2. The data
showed that either a 5x cross roll at 913%C (1675*C) or a 4x cross roll at 843*C
(1550°F) gave the desired result of a nearly-isotropic 0.2 percent offset yield
strength. The 843'C (1550*F) - 4 x cross roll process was selected because the
microstructure appears to be more heavily worked and the recrystallized grain

size is more uniform than the 9130C (1675*F) - 5x cross roll material.
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TABLE 2. EFFECTS OF ROLLING TEMPERATURE AND CROSS-ROLL FACTORS ON
TENSILE PROPERTIES OF PACK-ROLLED TIAI,4V.

Ultimaft 0.2% offset You,0's DireationalIty, (T-L)Furnsce Cron- twlsvad Totel m dlNo u
temperature roll Test tsnslle yield odotw"alSfactor direction strength stre Elongation E x 10 UT x

OC (OF) - W (Mpg W11 (lWsi) (%) We (ail) MPa (110) We (Mail We (kMi)

913 (1675) 3X L 1084 (157.21 1024 (148.5) 18.0 127 (18.4) -29.6 (-4.3) --32.4 (-4.7) ±9.0 (±1.3)
T 1054 (162.9) 992 (143.8) 13.0 136 (19.7)

913 (1675) 4X L 1082 (156.9) 995 (144.3) 19.0 130 (18.9) -31.0 (-4.5) -24.1 (-3.5) ±0.7 (±0.1)
T 1051 (152.4) 971 (140.8) 17.0 131 (19.0)

913 (1675) 5X L 1076 (156.0) 10080 (146.2 17.0 137 (19.9) ±69 (±1.0) ±5.5 (±0.8) -0.7 (-0.1)
T 1083 (157.0) 1014 (147.0) 12.0 137 (19.8)

843(1550) 3X L 1103 (160.0) 1044 (151.4) 19.0 137 (19.9) -26.9 (-3.9) -29.0 (-4.2) -1.4 (-0.2)
T' 1076 (156.1) 1015 (147.2) 18.0 136(19.7)

843(1550) 4X L 1087 (157.6) 1014 (147.0) 21.0 1.15(16.7) -4.1 (-0.6) ±6,2 (±0.9) ±23.4 (±3.4)
T 1083 (157.0) 1020 (147.9) 15.0 139(20.1)

843(1550) 5X L 1078 (156.4) 1029 (140.3) 17.0 148(21.5) ±54.6 (±7.9) ±18,6 (±2.7) -. 18.6 (-2.7)
I I T 1133 (164.3) 1048 (152.0) 19.0 130(18.8)

QPO.024&.107
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Part of the process verification included characterization of the microstructure

of the standard grade TI-6AI-4V at each stage of the processing. Microstructures

of the material processed to develop a normal of isotropic product are shown in

Figures 5 and 6. The microstructure of the starting stock, 22 mm (0.850 inch)
thick plate, is a well worked Widmanstitten structure which has undergone some

recrystallization during rolling as shown in Figure 5a. Figure 5b illustrates

the microstructure of the plate after laboratory rolling to 7.4 mm (0.29 inch)

thickness. The microstructure of the 1 .5 mm (0.06 inch) sheet pack rolled at
843-C (1550°F), 4x cross rolled and milled annealed at 7040C (1300*F) 1 hour
is shown in Figure 6a and the microstructure after a subsequent anneal at 760*C

(1400°F) for 8 hours in Figure 6b. Only a small amount of recrystallization

occurred in the mill annealed material. The sheet annealed for 8 hours showed

more complete recrystallization, but a substantial portion of the structure

remained unrecrystallized.

Figure 7 illustrates the microstructures of material annealed for 1 hour at
871FC (16000F), 927*C (1700*F), and 982%C (1800*F), and furnace cooled. A
sniall amount of unrecrystallized material remained in the sheet given the lowest

temperature anneal. The two high temperatures showed complete recrystallization.

Analysis of the heat treated samples included determinations of the phase

proportions, alpha grain size, beta grain size, and the alpha plus beta graill

size. Phase proportions were determined by point counting. The alpha plus

beta grain size was obtained by the linear intercept method counting all phase
boundaries. The separate alpha and beta grain sizes were determined by counting

the number of alpha or beta grains per unit length of test line applied to the

microstructure.

21
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Alpha plus beta grain sizes for each of the six regular-grade and ELI-grade
Ti-6A1-4V normal microstructures studied are listed in Table 3. The sheets
were annealed for 1 hour at 927% (17000F) and furance cooled to produce a uniform,

equlaxed, recrystallized structure. This annealing temperature represents the

maximum useful temperature for superplastic forming of regular-grade Ti-6A1-4V

sheet. All alpha plus beta grain sizes were determined on the L-S plane by
measuring the mean linear intercept of all phase boundaries with straight lines
in the L direction and in the S direction. A minimum of five areas were counted
for each sample. The results showed a somewhat finer grain size and a slightly

%,wer mean grain aspect ratio for sheets rolled from 8430C (1550 0 F).

TABLE 3. EFFECTS OF ROLLING SCHEDULES ON RECRYSTALLIZED GRAIN SIZES
OF CROSS-ROLLED REGULAR-GRADE Ti-6AI-4V ANNEALED AT 9270 C
(1700°F) FOR 1 h AND FURNACE COOLED TO 250 C.

Rolling conditions Mean linear intercept Mean-- L-S plane Arteragegrn

Furnace Cross- (pmo) linear grain( I rn) nterept aspect
temperature roll - I ratio

OC (OF) factor L direction S direction (/rm) L/S

913(1675) 3X 437 4.1 4.4 1.1

913 (1675) 4X 5.3 4.2 4.75 1.3

913 (1675) 5X 5.4 3.8 4.6 1.4

843 (1550) 3X 4.5 3.6 4.05 1.2

843 (1550) 4X 5.0 4.2 4.6 1.2

843 (1550) 5X 4.5 4.0 4.25 1.1

Medn linear intercept determined by counting intersections of all phase boundaries
with a straight line. Each value repiesents an average of five areas counted.

OP03-024-1o8
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1b)

100 jim
OP03-0246-187

Figure 5. Microstructures of reagular-grad.e Ti-6AI-4V ia) production rolled
to 22-mm thickness and (b) laboratory hot-rolled at 9411C 017250F)

from 22-mm to 7.4-mm thicknesses.
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lama)

(b)

100 ,im
0P0340249-in

Figure 6. Microstructures of Ti-6AI-4V laboratory pack-rolled at 84300 (1 5500 F)
from 7.2-mm to 1.7-mm thickiiess and (a) ann~ealed at 70t50C (13000F)
for 1 h and (b) annealed at 7600C (1400 0F) for 8 hi.
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lapa,

(b)

(C'

100pm
OP034024-lSS9

Figure 7. Microstructures of Ti-6AI-4V pack-rolled at 8430 C (1 55010F) from
7.2-mm to 1.7-mm thickness and annealed at (a) 8710 C (1600 0 F)
for I h, (b) 9270 C (1700OFi forIl h, and (c) 9820 C (18000 F) for 1 h.
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Based on the results from these initial processing verification tests, full scale

processing of regular grade Ti-6AI-4V material to develop the desired microstructures

was made. The 21 mm/22 mm x 918 mm x 5080 mm (0.827)inch/0.850 inch x 36.125 inch

x 200 inch) plate was conditioned and cut to yield eight lengths each approximately

610 mm (24 inch) long. Four of the lengths were heated to 9410 t 140C

(17250 ± 25 0 F) in a slightly oxidizing atmosphere and rolled to 13 mm/14 mm x

918 mm x 1016 mm (0.525 inch/0.540 inch x 36.125 in x 40 inch) plates in a single

heating. All surfaces and edges looked good, and the four lengths were grit

blasted and reinspected.

The plates were heated to 941' t 14*C (17250 * 25*F) in a slightly oxidizing

atmosphere and rolled into 6 mm/7mm x 918 am1/921 mm x 1095 mm (0.270 inch/0.280

inch x 36.125 inch/36.25 inch x 75 inch) panels with one reheat. Three of the

panels were cut in half, conditioned, heated to 8430 C (1550*F), and finally

cross rolled to 3.7 mm (0.145 inch) thickness. At this stage, the panels were

again cut in half, grit blasted, and pickled. The twelve panels were annealed

1 hour at 704 0 C (1300 0 F) prior to final rolling. As-annealed panels qere next

paired and placed in carbon steel envelopes. Heating temperature for final rolling

was 843 0 C (1550 0 F). Cross rolling was continued to a nominal finish thickness of

1.7 mm (0.066 inch). Because the as-rolled flatness was not acceptable

the sheets were roller leieled after removing from the envelope to improve their

flatness. The as-rolled sheets were then descaled and pickled prior to final

heat treatment.

Microstructure of production rolled regular grade Ti-6AI-4V 22 mm (0.850 inch)

thick plate prior to the initial rolling cycle is shown in Figure 8. Some residual

Widmanstetten structure was present at the center of the plate. The surface which

had been more heavily worked or worked at a lower temperature did not exhibit any

Widmanstetten. Microstructure of the production processed plate at the intermediate

6.8 mm (0.270 inch) thick stage is shown in Figure 9. At this stage the plate

microstructure was well worked and free of any coarse transformation product.
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Figure 9. Microstructure of production-processed 7-mm regular-grade
Ti 6AI-4V at quarter-thickness position.

Heat treatment studies were conducted on the as-rolled standard grade Ti-6AI-4V
sheet to establish the time-temperature oarameters for the desired grain sizes
and primary alpha levels. The procedure used in this study was recrystallization-
annealing the sheet material in vacuum at high temperatures, 927*C and 9821C

(1700°F and 780 0 0F) and subsequently annealing in air at lower temperatures to
obtain variations in alpha-beta volume fractions. The variation with time at
temperature of the primary-alpha grain size of TI-dAI-4V annealed at 982°C (1800 0 F)
and furance cooled to ambient temperature is shown in Figure 10. The grain size
plotted in Figure 10 is that after furnace cooling from the annealing temperature
and not the alpha grain size at temperature. Typical microstructures of specimens
annealed at 9270C (1700Or) and 982% (18000F) covering a range of primary alpha
g,,ain size3 from 6-18 um, are shown in Figure 11.

The primary alpha content can be varied by changing the annealing temperature.
Then by cooling at an intermediate rate, the microstructure at room temperature
will consist: of equiaxed alpha surrounded by regions of transformed beta. As
the annealing temperature is increased, the primary alpha content is decreased up
to the beta transus, as illustrated for ELI-Grade Ti-6A1-4V in Figure 12

(Reference 21).
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Figure 10. Growth of prlmary-alphs grain size with time in speciment annealed at 982'0C (18(?0F)
and furnace cooled to room temperature.
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Figure 11. Microructuie afte•r furnace cooling to 250C (770F) of
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Figure 12, Variation of volume fraction of primary alpha with annealing temperature for
ELl.-praie Ti-6AI-4V.

The recrystallized samples were reheated for a short tiime at temperatures relatively

high in the alpha-beta field, 840 - 925 0C (1635-17000 F), and air cooled to determine

the variation in volume fraction primary alpha with temperature. The microstructures

in Figure 13 illustrates the variation in volume fraction primary alpha at a constant

primary alpha grain size, obtained by the duplex heat treatment.
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Figure 13. Microstructures of regular-grade Ti-4AIA4V at a constant primary

eipha grain size and (a) 90% primary alpha, (13) 65% primary alpha,

sied (c) 45% primary alpha.
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The initial objectives for regular grade normal texture Ti-6A1-4V were to develop

four grain sizes and three levels of primary alpha for each grain size. The heat

treatment study showed the impracticality of obtaining such a matrix over the

desired range of grain sizes. Since the alpha grain size decreases as the volume
fraction decreases, a very large initial grain size would require a large primary

alpha grain size at a low volume fraction primary alpha. Due to these constraints,

the following grain-size/primary-alpha matrix was selected.

Approximate

Primary Alpha Volume Fraction Primary Alpha

Grain Size 0.9 0.65 0.45
18 Pm X

12 pm X X X
8 p m X X X
6 pm X X X

* 4.5 pm X

The primary alpha grain size is considered to be the most important parameter in

predicting superplastic behavior; therefore it has been used as the basic grain

size throughout this program. The alpha grain sizes were determined using the

method described by Underwood (Reference 22) from the relation

£L

3 (4)

Where L3 is the mean intercept-length alpha grain size,

a is the mean center-to-center distance between alpha-phase

particles a
NL

and

X is the mean distance between alpha phase
particle =•

NL3
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Table 4 summarizes the heat treatments, primary alpha grain sizes and volume

fractions of primary alpha for each of the twelve conditions produced in the normal

texture material. Grain sizes were determined on each of the three

orthogonal planes in both the major and minor directions. Six measurements were

made on each plane. The results in Table 4 are the average of eighteen separate

measurements per condition.

The crystallographic texture of the regular grade Ti-6A1-4V was obtained by
determining the (0002) pole distributions. The (0002) pole figures of different

panels are shown in Appendix B. It is seen that microstructures L (.64a, 5.94m) and
K (.64a, 5.g9m), have in addition to a strong near-basal texture component, basal

pole distributions symmetrically oriented at angles of 20-450 from the rolling
plane normal. The intensity of basal pole distributions decreases with increasing

angle from the rolling plane normal. Deviations of 15-200 from basal texture
were observed in the E (.88a, 12.2pm), H (.88a, 7.7iim) I (.47(A, 5.6pm) arid
J (.47a, 4.4pm).

Table 5 gives room temperature tensile properties for normal-textured regular-

grade Ti-6A1-4V sheet in several heat treated conditions. The trends in properties

were as expected for the various conditions. The high-temperature recrystallization

treatment [927*C (1700*F) 1 hr FC (furnace cooled) 56*C/hr (100*F/hr)] resulted in
a substantial decrease in strength and improvement in transverse ductility over
the mill-annealed (704 0 C (1300 0F) 1 hr AC (air cooled) strength, but some loss of
ductility was indicated for the largest grain size. The duplex-annealed condition

showed an increase in strength and decrease in ductility over the base, furnace
cooled, condition due to the transformation product in the structure.

3.2 Regular Grade Ti-6A1-4V (Textured)

3.2.1 Basal Normal Texture
When *itanium alloys are cross rolled at 538'-816 0 C (l000*-l500°F) by changing
the rolling direction after each reduction pass (clock rolling), the deformation

occurs in such a way that the basal poles [(0002) directions] are forced into a
direction parallel to the sheet normal thus producing d strong basal texture.

Laboratory trials were conducted to verify the clock rolling process for the
basal normal textured material. Sheet bar samples, 22 mm (0.840 inch) thick, were

34
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TABLE 4. EFFECTS OF HEAT TREATMENT ON MICROSTRUCTURES OF
NORMAL-TEXTURED TI-GAI4V SHEET.

Primary alpha Primary alpha
Pestl MHot treatment poinsize volume
*oe Wm() fraction

C 9820C (18000 F) for 24 h; furnace cool 17.6 0.88
to 25 0C at 380C/h (100 0 F/h)

B 9020 C (1800 0F) for 40 h; furnace cool 18.1 0.66
to 250 C at 38 0C (1000 F/h) + 9100 C
(1670 0 F) for 5 min; air cool to 250 C

E 982°C (18000 F) for 8 h; furnace cool 12.2 0.87
to 260 C at 380 C/h (100°F/h)

D 9820C (18000 F) for 13 h; furnace cool 14.2 0.6s
to 250 C at 38°C/h (1000 F/h) + 910°C
(1670 0 F) for 5 min; air cool to 25 0C

A 9820C (18000 F) for 40 h; furnace cool 12.6 0.46
to 25 0C at 38°C/h (100°F/h + 9490C
S(1740 0 F) for 5 min; air cool to 25 0C

H 9820C (18000 F) for 1.5 h; furnace cool 7.7 0.89
to 250 C at 380 C/h (100 0 F/h)

G 9820 C (1800 0F) for 2.5 h; furnace cool 7.9 0.60
to 250 C at 38°C/h (1000 F/h) + 910 0C
(1670 0 F) for 5 min; air cool to 25 0C

F 9820 C (1800 0 F) for 8 h; furnace cool 7.2 0.44
to 250 C at 38°C/h (100°F/h) + 949°C
S(1740 0 F) for 5 min; air cool to 25 0C

L 927 0C (1700°F) for 1 h; furnace cool 6.0 0.88
to 25 0C at 38°C/h (100°F/h)

K 927 0C (17000 F) for 1 hi; furnace cool 5.9 0.64
to 25 0C at 38°C/h 100°F/h) + 910OC
(16700 F) 5 min; air cool to 25 0C

I 9820C (18000 F) for 1.5 h; furnace cool 5.6 0.47
to 25 0C at 38°C/h (100 0 F/h) + 949 0C

S(1740°F) for 5 min; air cool to 250C
J 927°C (17000 F) for 1 h; furnace cool 4.4 0.47

to 250 C at 38 0C/h (1 006°F/h) + 9490C
S(1740°F) for 5 min; air cool to 250 C
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TABLE 5. TENSILE PROPERTIES OF NORMAL.TEXTURED REGULAR-GHADE 1.7.mm
(0.O6N IN.) TI-AI-4V SHEET.

Volume Groin Ultimate 0.2% offst

Hebt tretment Panel fraction ils, Tat tensile yield Total

primary dirention strsngth strIn
alpha (lpn MP (kaill We flw) (W)

704
0

C (13000
F) for I h; L 972(141.0) 932(135.2) 17.0

air cool to 26eC L 1005 (145.7) 936(135.8) 15.5
T 1021 (148.1) 969 (139.1) 12.6
T 998(144.8) 960(137.8) 12.5

9270C (1700 0 F) for 1 h; L 0.88 6.0 L 879 (127.5) 846 (122.6) 15.0
furnace cool to 260 C at L 889(129.01 818(118.7) 17.5
38°C/h T 872 (126.4) 847 (122.8) 18.0

T 876 (27.0) 850 (123.3) 18.0

9e2 0 C (18000 F) for 1.5 h; H 0.89 7.7 L 879 (127.5) 825 (119.61 17.5
furnace cool to 250 C at 380C/h T 884 (128,2) 882 (119.2) 17.5

9820 C (1800 0 F) for 1.5 h; G 0.60 7.9 L 1026 (148.8) 903(130.9) 12.0
furn+ce coot to 25Ic at 380Cm.; L 1018 (147.6) 898 (130.2) 12.0
+ 910C for 5in;er oooto25°C T 1018 (147.6) 914(132.,) 13.5

T 109 (153.6) 939(136.2) 11.5

9820C (18000 F) for 1.5 h; 1 0.47 5.6 L 1007 (146.1) 871 1126.3) 12.5
furnace cool to 25 0C at 380 C/h; L 1040 (150.9) 887(128.7) 14.0

0+ 949°C (174R°FJ for t min, T 1001 (145.21 875(126.9) 14.0

hir cool to 25 C T 1029 (149.3) 902(130A) 12.5

982 0C 18000F) for 24 I; C 0.88 17.6 L 09 (131.9) 851 (123.4) 16.0
furnace cool to 250 C at 380 C/h 906 (131.4) 834(120.91 12.0

T 975(126.9) 794(115.1) 5.0
T 887 (128.7) 843 tl122.3) 13.5

OP03.0249-110
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cross rolled to 9.1 nim (0.360 inch) thickness from a 941*C (1725°F) furnace using

15-18 percent reductions per pass with two reheats. The 9.1 mm (0.360 inch) thick
material was then reduced to 2.6 mm (0.102 Inch) thick material by heating to 7041C
(13000F), with 10% reduction per pass and reheating after each pass to 7040C (1300'F).
The plates were rotated 450 or 900 between passes. The tensile properties of the mill-

annealed alloy rolled by the schedule just described are given in Table 6.
and contrary to the expected near-isotropic behavior, the tensile properties have

significant anisotropy. The anisotropy is corroborated by the pole figures in
Appendix B, which show significant deviations ( O 200) of the basal poles from
the sheet normal. The grain sizes and aspect ratios of the laboratory clock -

rolled Ti-6AI-4V annealed at 927 0 C (1700 0 F) for one hour are given in Table 7.

TABLE 6. TENSILE PROPERTIES OF "CLOCK-ROLLED" Ti-6AI4V ALLOY
(HEAT NO. G52083A-1?.

Angle of Directionality, AI(T-L)
rotation Ultimate 02% offset Young's

Sample between Test tensile yield Total mo00ul o
ctIve aorUutiw direction itrength strew elongation E x E x 10S

passes E

Idea) MPa (ksi) MPW (ksi) (%) MPo (ksl) MPW (ksi) MPW (ksi) M a. lki)
0-I 90 L 1100 (159.6) 1056 (153.2) 20.0 137 (19.9) -44.1 (-6.4) -69.3 (-8.6) -22.8 1-3.3)

T 1056 (153.2) 997 (144,6) 22.0 114(16.6)

0-2 46 L 1147 (166.4) 1069 (155.0) 18.0 123 (17.9) -29.0 (-4.2) -51.0 (-7.4) +28.3 (+4.1)
T 1118 (162.2) 1018 (147.6) 22.0 152 (22.0)

TABLE 7. GRAIN SIZE OF LABORATORY "CLOCK-ROLLED" REGULAR-GRADE

Ti-6AI-4V ANNEALED AT 9270 C (07000 F) FOR 1 h AND FURNACE
COOLED TO 250 C (770 F).

Rolling conditions Mean linear intercept Average Mean
L-S plane linear grain

Furnace Angle of (pm) intercept aspect
temperature rotation ratio

°C (OF) (deg) L direction S direction (pM) L/S

704(1300) 90 4.4 3.6 4.0 1.2

704(1300) 45 4.9 3.9 4.4 1.2

The clock rolling schedule with 900 rotation between consecutive passes, which

results in lesser anisotropy in Young's modulus was selected for full scale

processing.

Processing of basal normal texture panel Ti-6A1-4V to 7 mm (0.275 inch) thick

followed the same sequence as the normal texture material. At this stage, con-
tinuous cr ss rolling at 704*C (1300 0 F) was initiated. The basic processing sequence

was to heat to /!30C (1300 0 F), reduce 10-20 percent in two passes, reheat and
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turn panel 900 prior to the next reduction. At 3,3 mm (0.130 inch) thickness, the

panels were paired and the cross roling reheat sequence was continued to final

gage by open pair rolling. Considerable difficulty was encountered in this rollowing

campaign, particularly after pairing.

Because the panels were bowed, difficulty was experienced in getting the panels

to enter the rolls properly which resulted in substantial temperature loss. Severe

cracks were developed in one panel during an attempt to flatten the material by
"making a light reduction. Yield loss was greater than 50 percent, and only six

full size 380 mm (15 inch) square panels could be obtained from this material.
The balance of the panels were of smaller size sections. Two full size panels

and une of the smaller sections contained pits on approximately one fourth of
their surface areas. The pits appeared to be a result of scale which was embedded

during the final rolling cycle.

The sheet was given a final treatment of 927 0C (17000F) I hour FC 56°C/hr

(100*F/hr). Figure 14 shows the microstructure of the basal textured sheet

afger the final anneal. Grain size of clock-rolled microstructure was 7.4 mm

which is slightly larger than the normal-textured Ti-6AI-4V microstructure L
(.88a, 6.011m) similarly heat-treated.

50 •M

GPO30249-194

Figure 14. Microstructure of basal-textured Ti-6AI-4V annealed at 9200c
(16880 F) for 1 h and furnace cooled to 250 C (710 F) at 560 C/h (100OF/h).
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3.2.2 Regular Grade Ti-.6A1-4V (Transverse Basal Texture)

The transverse basal texture was produced by unidirectional cascade rolling. In

this practice, rolling is begun in the all-beta field and continued through the

alpha-beta field to finish 260'C (470"F) below the beta transus, with total

reduction in excess of 80 percent. Extensive unidirectional rolling in the

538 0-816-C (1000 0-1500 0 F) temperature range produces a texture where the [0002)

directions are uniformly distributed along a great circle connecting the direction

normal to the surface and the transverse directions of the rolled material.

Four rolling trials were conducted in the laboratory to optimize the processing

sequence to produce the transverse-basal texture. Unfortunately, the sequence

which gives the strongest texture is the most difficult to duplicate on the production

facility. Starting stock used for the present program was 21.5 mm (0.845 inch)

thick plate. The plate was placed in a mild steel welded pack in preparation for

rolling. Hot rolling of the material was accomplished from a single heating at

1049 0C (1925 0 F). The pack was heated and held at temperature for 0.3 hour. A

total reduction of 90 percent was obtained in twelve passes without reheating.

Approximate finishing temperature for the pack was 816 0 C (1500*F). After rolling,

the pack was warm sheared to 1219 mm (49 inch) lengths and the titanium sheet was

removed from the pack. The cascade rolling caused the surface of the transverse -

basal texture to be rougher than the normal texture material and a substantial

amount of conditioning (grinding and pickling) was required to improve the

surface.

The microstructure of the transverse basal textured sheet is shown in Figure 15

Some relatively large alpha grains were present in the as-hot rolled sheet. After

annealing at 926*C (1700F) 1 hr FC, the structure was more uniform although some

vestiges of the worked Widmanstatten remained. The alpha grain size in this micro-

structure is 12.5 Pm which is similar to microstructure in regular grade normal texture

Ti-6AI-4V E (.87a, 12.2pm).

Tensile properties of the transverse basal textured sheet in the final annealed
condition are given in Table 8. The high directionality of the tensile properties
is in agreement with the strong transverse-basal texture of this microstructure

(Figure B4).
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Figure 15. Microstructures of transvelss-basal-textured reguler-grade Ti-6AI-4V shoot (Heat no.
G52063) for (a) as hot-rolled and (b)) vacuum annealed at 92r1c{ (17000F),for 1 h
and furnace cooled to 250C (770F) at 56°C/.h 100°1:/5),
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TABLE 8. TENSILE PROPERTIES OF TRANSVERSE-BASAL-TEXTURED TI4A'.4V

SHEET ANNEALED AT 9270 C (1700 0 F) FOR 1 h; FURNACE COOLED

TO 250 C AT 38°C/h(65°F/h).

Ultimate 0.2% offset Total Young's

Test tensile yield elongation m

direction strength stress E x 10
MPa (ksil) MW (ksi) (%) MPW (kii)

L 905 (131.3) 841 (122.1) 6.5 112 (16.3)

L 917 (133.1) 849 (123.2) 9.5 102 (14.8)

T 1076 (156.2) 993 (144.1) 10.0 137 (19.9)

T 1088 (157.9) 1013 (147.0) 11.5 132 (19.2)

GP03-0249-113

3.3 Regular-Grade Ti-6Al-4V With Microstructural Anomalies

3.3.1 Elongated Alpha

The elongated-alpha structures for this program were produced by beta annealing

followed by two levels of hot work in the alpha-beta field. Conventionally

processed 2.3 mm (0.090) and 3.2 mm (0.125 in) Ti-6AI-4V sheets were beta annealed

at 1038 0C (1925 0 F) for 0.25 hour and subsequently alpha-beta annealed at

954°C (1750'F) for one hour and air cooled. The purpose of the second anneal was

to coarsen the Widmansta'tten alpha needles and improve the hot workability of the

sheet. After annealing, the sheets were grit blasted and pickled. Both sheets

were hot rolled from an 885*C (16250F) furnace to a final gage of 1.8 mm (0.070

inch) thick. The 2.3 mm (0.090 inch) thick material was rolled to final gage from

one heating. The 3.2 mm (0.125 inch) thick sheet required one reheat at an inter-

mediate gage. After rolling, the sheet was conditioned, vacuum annealed at 927*C

(1700'F) for one hour, furnace cooled and pickled.
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The two levels of elongated-alpha microstrtirtures are shown in Figures 16 and 17.

No significant microstructural changes occurred in the sheet material rolled from

2.3 mm to 1.8 mm (Level I), but the alpha platelets underwent sume coarsening

in the sheet material rolled from 3.2 mm to 1.8 mm (Level II). The post-rolling

arnieal resulted in partial recrystallization in the heavily-worked 3.2 mm (Level II)

microstructure and had no significant effect on the lightly-worked 2.3 mm micro-

structure (Level I).

3.3.2 Bandi_

The banded microstructures in the laboratory scale heats were produced by cascade

rolling 21.3-mm Ti-6AI-4V plate from 1024*C (1875*F) to 6.4-mm (0.25 in.) thickness.

Although banded micrestructures could be produced successfully in the laboratory,

attempts to obtain the banded microstructures in the large scale heats were not

successful. Figures 18 and 19 show the banded microstructure in laboratory-

processed T,-6A1-4V and the normal microstructure of production-processed Ti-6A1-4V.

To obtain the two levels of banded microstructure required for this study, a

3.8-mm (0.150 in.) thick Ti-6AI-4v sheet having banded microstructure was processed

to the required thickness. The level of banding was varied by hot rolling at

different temperatures. Material for the first level of banding was hot rolled at
843*C (1550'F) to a 1.6-mm (0.065 in.) final thickness in 14 passes with three

intermediate reheats. The second level of banding was produced by rolling at 8550C

(1625*F) in eleven passes with two intermediate reheats. Post-rolling heat

treatment of the banded material was identical to that used for other anomalous

microstructures.

The microstructure of the initial banded Ti-6AI-4V is shown in Figure 20a. The

initial microstructure is heavily banded with alternating layers of heavily and

lightly worked Widmansta'tten alpha. The microstructures after rolling from 843 0C

(15500F) and 885*C (16250F) to final gage is shcwn also in Figure 20t and 20c.

The microstructures after annealing 3t 9270C (1700 0 F) for one hour are shown in

Figures 21 and 22, and they indicate the retention of banding.
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Figure 18. Banded microstructure of Ti-4AI-4V pioduced in the laboratory by
triermdl cas7nde-rolling 66A from 10450 C 119130 F) followed by
annealing at 9270 C (1700 0 F) for 1 h and furnace cooled to 2500
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Figure 19. As-hot-rolled microstructure of Te-6Al-4V plate thermal cascade-
rolled 70% in a welded pack from 102400 (18760 F).
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Figure 20. Microstructures of banded Ti-6A1-4V shoet (Heat no. G52070 for (a) initial G032420

microstructure, (b) hot-rolled at 843oC (15500F) to 1.6-mm thickness
(level V), and (c) hot-rolled at 8850C (16300 F) to 1.6-mm thickness (level 11).
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The approach used to produce the blocky alpha structure was to hold i;aterial

high 'in the alpha-beta field prior to rolling. This heat treatment has the effect

of stabilizing the alpha phase present at temperature because of partitioning

of the alpha stabilizers, oxygen, nitrogen, and aluminum. On subsequent rolliny

and annealing, the alpha-beta matrix is deformed and recrystallized, whereas the

stabilized alpha remains relatively unchanged. The deformation temperature and

amount of deformation must be carefully controlled because inAdequate deformation
does not produce recrystallization of the alpha-beta matrix, and excessive defor-

mation results in fragmentation of the stabilized alpha particles and subsequent

recrystalltzation of the entire structure.

Material used for the first level of blocky alpha was processed to 7-mm (0.275 in.)

"thickness; as described for the normal-textured alloy. At this stage, the material

was heat treated for 4 hour at 968°C (1775*F), and air cooled. After grit blasting

and pickling, the material was hot rolled at 843*C (1550'F) to 3.7-mm (0.145 in.)
thickness with only one reheat being required. The sheet was again heat treated

for 4 hours at 968'C (1775'F), air cooled, grit blasted, and pickled. Hot rolling

to a final thickness of 1.8 mm (0.070 in.) was conducted at 843°C (15501F). Some

problems were encountered in the final rolling because of cracking and tearing of

the sheet edges. Following rolling, the sheet was conditioned, vacuum annealed

at 927°C (I.7 00'F) for one hour, furnace ccoled, and pickled.

The second level of blocky alpha was processed conventionally to 3.5-mm (0.140 in.)

thick sheet. At this stage, the sheet was annealed at 954°C (17500F) for 4 hours

and air cooled to 25°C (77°F). The sheet was grit blasted, pickled, and hot rolled at

843°C (1550*F) to a final thickness of 1.9-mm (0.075 in.). Rolling to final

gage required five passes with one intermediate reheat.

Processing after rolling involved conditioning, vacuum annealing for I hour at

9271C (1700°F), furnace cooling, and pickling. Figures 23 and 24 illustrate the
microstructures of the two levels of blocky alpha for sheets in the final condition

arid two intermediate stages of processing. In the vacuum annealed condition, Level
I Ti-6A1-4V had blocky structures on all three major planes, but Level II alloy

£ exhibited a blocky structure on only the L-T plane.
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(a) 3.5-mm she'st annealed at 9540C 017500F) for 4 h and air cooled to 250C (77 0F),
mb s-hot-rolled 1.9-mm sheet vacuum annealed at 9270C 0I7000F) for 1 h and

furnace cooled to 250C (770F).
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3.4 ELI Grade Ti-6A1-4V

The description of starting stock of the ELI grade Ti-6AI-4V purchased from

the Colt Industries/Crucible Inc., is given in Tabje 1. A normal texture was

produced in this sheet with four variations in microstructure. Two grain sizes and

two levels of primary alpha were produced. The microstructural variations were

parallel to those produced in the regular grade Ti-6Al-4V.

Rolling of the ELI material generally followed the same schedule as the regular

grade sheet. Heating temperatures for rolling were reduced 10% (50*F) to adjust

for the lower beta transus. The 75 mm (3 inch) thick plate was heated to 9350C

(1715°F) max in a slightly oxidizing atmosphere and rolled to 14 mm (0.570 inch)

thickness with one intermediate reheat. The plate was intentionally spread to

610 nm (24 inch) width during this rolling. Surface condition after rolling was

good, therefore the plate was cut into two lengths in preparation for the next

rolling cycle. The plates were then heated to 899gC (1650°F) and rolled to 7 mm

(0.275 inch) thickness in five passes for the first plate and four paqses for the

second plate.

Following rolling, the plates were grit blasted, inspected and cut into two lengths

once again. Cross-rolling was initiated at this stage. Panels were heated to

816°C (1500°F) and rolled to 3.7 mm (0.145 inch) thickness without reheating.

Following this rolling, the panels were grit blasted and pickled prior to the final

rolling cycle. Final rolling to 1.7 mm (0.066 inch) thickness was accomplished

in open pairs rather than in carbon steel envelopes. Rolling temperature was

again 816'C (1500°F). This procedure significantly improved the flatness of the

finished sheet. The as-rolled sheets were descaled and pickled prior to final

heat treatment.

Final heat treat studies were conducted on the as-hot rolled ELI sheet, as in the

case of the regular grade ma'erial, to produce the required grain sizes and primary

alpha levels. The panels were heat treated to produce grain sizes comparable to

the smallest grain sizes in the rpgular grade sheet and an intermediate grain size.

Table 9 summarizes the heat treat schedules, resulting grain sizes, and primary-alpha

volume fractions for ELI-gage Ti-6A1-4V. The tensile properties are listed in

Table 10.
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TABLE 9. HEAT TREATMENT SCHEDULES AND THE RESULTING MICROSTRUCTURAL
PARAMETERS FOR 1.5 x 381 x 381 mm (0.000 x 15 x 15 IN.) ELI-GRADE
Ti4AI4V PANELS.

Pne Primary alpha Volume
cod* Heat treatment grain size fraction

_ _d_ _(pm) primary alpha

Xl 8990C (16500 F) for 1.5 h;
furnace cool to 250 C at 38°C/h
(10 0 °F/h) 5.5 0.88

X2 941°C (17250 F) for 3 h;
furnace cool to 25 0 C at 380 C/h
(1O0°F/h) + 9350 C (1715 0 F) for 5 min;
air cool to 25 0 C 4.5 0.47

X3 941°C (1725°F) foi 4 h;
furnace cool to 25 0 C at 38°C/h
(100 0 F/h) 8.9 0.89

X4 941°C (1725 0 F) for 16 h;
furnace cool to 25 0 C at 38°C/h
(1000 F/h) + 935 0 C (1715 0 F) for 5 min;
air cool to 250 C 8.8 0.46

OP030NO-114

TABLE 10. TENSILE PROPERTIES OF 1.7-mm (0.065 IN.) ELI-GRADE Ti-AI4V.

Ultimate 0.2% offset

Test tensile yield Elongation in
Heat treatment direction strength stress 50.8 mm (2 In.)

MPa (ksi) MPa (ksi) (%)

7040 C (1300 0 F) for 1 h; air coo, L 830 (120.4) 794 (115.2) 15.6

L 821 (119.1) 783 (113.5) 15.0

T 838 (121.5) 818 (118.6) 11.0

T 860 (124.8) 842 (122.1) 11.5

53gl'11
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3.5 Simulated Coil Ti-6Al-4V

Material used for production of the simulated coil Ti-6A!-4V was secured as mill

processed hot band. This material is described in Table 1. The hot band was

received in the as-hot rolled condition; therefore, heat treatment and conditioning

were required prior to initiation of laboratory cold rolling. In order to obtain

a highly ductile condition for cold rolling, the hot band was annealed at 927'C
(1700*F) for 1 hour and furnace cooled. After annealing, the hot band was grit

blasted, spot ground to remove surfoce defects and pickled.

The cold rollability of the Ti-6AI-4V alloy is limited. Reductions over about
25 percent generally result in excessive edge cracking. In order to avoid this

cracking, the sheet was cold rolled a maximum of 15 percent between intermediate

anneals. Following each cold roiling cycle, the sheet was annealed 5 minutes at
788°C (1450*F), air cooled, descaled and pickled prior to the next cold rolling

cycle. Processing of the Ti-6AI-4V simulated coil involved four cycles of cold

roll, anneal and pickle from hot band to the 1.7 mm (0.065 inch) final thickness.

The processing went reasonably well althoLugh product yield was less than expected

due to trimming required between rolling cycles. Following the final cold reduction,

the sheet was sheared into panels for heat treatment.

The Ti-6A1-4V hot band microstructure is shown in Figure 25. This material

contained a considerable amount of banding from the hot rolling operation.

Microstructure after the 9270C (1700*F) anneal produced a discernible coarsening

of the alpha platelets. The as-rolled structure of the Ti-6A1-4V sheet after
cold rolling cycles is shown in Figure 26. The other intermediate structures did

not differ significantly from this microstructure. The variation of primary

alpha with temperature for simulated coil Ti-6AI-4V is shown in Figure 27.
The heat treatments, the primary graila sizes and the volume fractions for each of

four conditions are shown in Table 11. The four final heat treated conditions

are shown In Figures 28 and 29. The cold rolling and final recrystallization

anneals essentially eliminated the banding from the starting material.
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Figure 25. Microstructure of as-received Ti-6AI-4V hot band.
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Figure 26. Microstructures of Ti-6AI4V sheet after four 15% cold-rollinig cycles.
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Figume 27. Variation of primary-alpha towal with temperature in the Ti-OAI-4V alloy. Bands
represent 99% confidence limits.

TABLE 11. HEAT TREATMENT AND MiCROSTRUCrURAL PARAMETERS OF
SIMULATED-COIL ri-6AJ-4V.

Panel F imary alpha Stalidard Standaid

e Heat treatment grain size deviation Volume fry aeon deviation
(pm) (1m) primary alpha (pm)

S1 9270 C (1700 0F)/1.5 h;
furnace cool to 250 C 5.1 1.0 0.87 0.05

S2 927 0C (I1700 0F)/1.5 h;
furnace cool to 250 C +
8990 C (1650 0 F)/10 min,
air cool to 250 C 4.4 0.6 0.63 0.05

S3 9950 C (1750 0 F)/16 h;
furnace cool to 25cC 12.3 1.6 0.87 0.05

S4 899°C (16500 F)/10 min;
air cool to 250 C 9.3 1.8 0.63 0.06
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Figure 28. Mlicrostructures of simulated coil-rolled Ti-OAI-4V (a) annealed at
9640C 0I740OF) for 16 h and furnace cooled to 250C (770F)
(condition S1) an'd (b) annealed at 9270 c (1700 0F) for 1.5 h,
furnace cooled to 250C Qr7F) + 8990C (16500F) for 10 min,
and air cooled to 250C (77 0F) (condition S2).
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Figure ?9. Microstructures of simulated coil-rolled Ti.BAi-4V sheet (a) annealed P -04-0

at 9540C (17490F) for 16 h and furnace cooled to 250C (770F)

(condition S3W and (b) anneelou at 9540r, 01749°F I or 24 h, furnace

cooled to 250C (770P) 4 annealsd at 8990C 116600F) for 10 m~in,

and air cooled to 26°(C (77c'F) (condition S4).
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3.6 Ti-3Al-2.5V

Starting stock for the Ti-3Al-2.5V, obtained in the form of 2.2 mm (0.086 in)

thick mill-processed sheet, is described in Table 1. The basic mill processing

steps were to hot roll a forged slab to 3.8 mm (0.150 inch) hot band, strand line

anneal and pickle, cold roll 40 percent, final anneal, and pickle. As-received

mill processed material was then sheared to convenient size sheets and laboratory

cold rolled 39 percent to 1.3 mm (0.053 inch) thick sheet. Reductions per pass

were 1-5 percent. Following cold rolling, the sheets were sheared to 381 mm (15 inch)

square panels for heat treatment.

The microstructure of the 22-mm (0.086 inch) thick mill-processed Ti-3A1-2.5V

sheet contains the partially recrystallized structure typical of a strand line

annealed product. Figure 30 shows the microstructure of Ti-3A1-2.5V sheet

after cold rolling 39 percent. Heat treatment studies were conducted to

determine grain growth characteristics and variation of primary alpha with tempera-

ture. The variations with time and temperature of alpha grain size and volume-

fraction of primary alpha are shown in Figures 31 and 32.

The primary-alpha grain sizes and volume fractions produced for this investigation

are summarized in Table 12. The microstructures of the heat-treated panels shown

in Figures 33 and 34 are similar to those observed in other alpha-beta titanium

alloys. The finest grain size obtained in the alloy was comparable to that in

panel L of regular grade Ti-6A1-4V (primary-alpha volume fraction = 0.88, grain size

= 6.0 pm).

3.7 Ti-6A1-2Sn-4Zr-2Mo

Conventional mill processed Ti-6AI-2Sn-4Zr-2Mo sheet was obtained from RMI Company.

A description of this material is given in Table 1. Variations in grain size and

primary-alpha volume fractions were produced by annealing the sheets in the alpha-

beta field. Results of grain growth determinations on the Ti-6AI-2Sn-4Zr-2Mo

alloy are shown in Figure 35. Samples were vacuum annealed for the indicated time

at temperature and then furnace cooled 56*C/hr (100°F/hr) to 760'C (1400°F).
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TABLE 12. EFFECTS OF ANNEALING TEMPERATURE AND TIME ON GRAIN SIZES
AND VOLUME FRACTIONS OF PRIMARY ALPHA FOR Ti-3AI-2.5V.

Prim-ary alpha Standard Standard
Panel Heat treatment grain size deviation Volume fraction deviation
code (Um) (pm) primary alpha (Prr,)

Ri Vacuum anneal at 871°C (1600 0 F) for 1 h:
furnace cool to 250 C 5.6 0.7 0.87

R2 Vacuum anneal at 871°C (1600 0 F) for 1 h;
furnace cool to 25 0 C + 891°C (1635 0 F) for
10 min; air cool to 250 C 4.3 0.5 0.57 0.06

Rj Vacuum anneal at 8990 C (1650 0 F) for 20 h;
furnace cool to 250 C 10.2 0.9 0.87 -

R4 Vacuum anneal to 8990 C (16500 F) for 20 h;
furnace cool to 250 C + 8910 C (1635 0 F) for
10 min; air cool to 25°C 8.6 1.4 0.58 0.09
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Figure 32. Variation of primary-alpha level with temperature in the TI-3AI-2.SV alloy. Bands
represent 95% confidence limits.
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Figure 33. Microsum, .es of Ti-3AI-2.SV sheet (a) annealed at 8710C (16000F) for I h and 10-2421

furnace, cowmed to 25°0C (77°0F) (condition R1) and (b) annealed at 871°C (16000F)

for 1 11. furnm cooled to• 250C + 8910C (16360F) for 10 main, and air cooled to

250C 1'7"/°F (condition R2).
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Figure 34. Microstructures of Ti-3AI-2.5V shoot (a) annealed at 8990C (16400F) for P30421

20 h, furnace cooled to 2150C (7700°F) (condition R3) and (b) annealed at

8990C (16400F). for 20 h, furnace cooled to 250C (770F) + annealed at

at 891°OC (1 6360F) for 10 .-wtn, and air cooled to 250C: (770F) (condition R4).
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Figure 35. Grain growth In Ti-OAI-2Sn-4Zr-2Mo alloy at 9680 C 01775 0 F). Values determined
after furnace cooling from the heat treatment temperature. Bands represent 95%
confidence limits.



Variation of primary-alpha volume fraction with temperature was determined by

taking fully recrystallized samples and heating for 15 minutes at various tempera-

tures and fast cooling. Figure 36 shows the variation of primary alpha with tempera-

ture.

Table 13 summarizes the heat treatments, the primary alpha grain sizes and volume

fraction primary alpha for each of the four conditions produced in this alloy.

The two grain sizes selected were the finest obtainable and an intermediate size.

The microstructure of the as-received Ti-6AI-2Sn-4Zr-2Mo sheet is shown in

Figure 37a. This structure is fully recrystallized, and the grain size is very

fine. Microstructure after heating to produce approximately 60 percent primary

alpha is shown in Figure 37b. The structure of the larger grain size panels at

thie two levels or primary alpha are shown in Figure 38.

3.8 Ti-8A1-1Mo-lV

Conventionally mill-processed 1.1 mm (0.045 inch) and 1.3 mm (0.050 inch),

Ti-8Al-lMo-lV sheet were procured from RMI. Because the principal reason

for including this alloy in the present investigation was to determine the

superplastic formability of the alloy in the mill-processed condition, no additional

heat treatments were performed on this alloy.

The microstructure of the as-received Ti-8A1-IMo-lV is shown in Figure 39. The

1.1 mm (0.045 inch) thick sheet stock was fully recrystallized, and the grain size

was very fine. The grain structure for the 1.27 mm (0.050 inch) thick sheet had

some elongated alpha microstructure.

3.9 Ti-15V-3Cr-3Sn-3Al

The Ti-15V-3Cr-3A1-3Sn was purchased from Timet. A description of this material

is given in Table 1. The Ti-15V-3Cr-3Sn-3Al alloy was received from Timet as

1.9 mm (0.075 inch) thick sheet in 57 percent cold rolled condition. Processing

to this stage involved hot rolling to a 4.3 mm (0.170 inch) hot bandwhich was then

conditioned, annealed at 788*C (1450*F) and cold rolled to finish gage. As-cold

rolled material was ground 0.05 mm (0.002 inch) on each side ana flash pickled.
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Figure 36. Variation of primary-alpha level with the temperature in the Ti-6AI-2Sn-4Zr-2Mo

alloy. Bands represent 95% confidence limits.

TABLE 13. EFFECTS OF HEAT TREATMENT ON GRAIN SIZE AND VOLUME FRACTIONS

OF PRIMARY ALPHA OF TI-6A1-2Sn-4Zr-2Mo.

Primary alpha Standard volume fraction deaiard
Heat treatment grain size 'devia Vol deviation

code (prm) (/jm) primary alpha (pm)

01 As-received 3.5 0.6 0.90 0.02

Q2 9630 C (17135 0 F) for 10 min;
air cool to 256C 3.4 0.2 0.65 0.05

03 9600 C (17600 F) for 20 h;
air cool to 250 C 8.2 1.6 0.86 C.03

04 9600 (; (1760"F) for 24 h;
furnace cool to 250 C
+9630 C (1765 0 F) for 10 min;
air cool to 260 C 8.8 2.7 0.55 0.03
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Figure 38. Microstructures of Ti-6AI-2Sn-4Zr-2Mo sheet (a) annealed at 9600C (17600F)
for 20 h and furnace cooled to 250C (770F) and (b) annealed at 9600C (17600F)
for 20 h, furnace cooled to 250C (770F) + annealed at 963(0C (17650F) for 10 rmin

and air cooled to 250C (770F).
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This beta alloy was processed and heat treated to produce six variations in

microstructu.-e. Three grain sizes were produced, one of which was the as cold

rolled condition. For each grain size, material was heat treated to an all beta

condition and an aged condition to produce a fine dispersion of alpha phase in

the beta matrix. Heat treatments to produce the requi:'ed microstructures were

conducted in air in all cases except one. The two hour anneal at 774*C (1425 0 F)

was performed in vacuum to avoid excessive oxidation. All heat treatments were

followed by an air cool or the equivalent. Following the heat treatment, all

panels were descaled and pickled.

The microstructure of the as-cold rolled condition (Figure 40a) zontains highly

elongated beta. Recrystallization and grain growth characteristics were determined

for this material at 774*C (1425*F) in the beta field. Recrystallization and grain

growth occur rapidly (Figures 40b-40d). Because of this, grain sizes less than

30 pm could not be obtained in this alloy.

Table 14 gives the heat treatments and the resulting beta grain sizes for the

Ti-15V-3Sn-3Al alloy. No beta grain size was shown for as-cold material since the

beta grains are highly elongated and not equiaxed.

TABLE 14. EFFECTS OF HEAT TREATMENTS ON GRAIN SIZES OF Ti.15V-3Cr-3Sn-3AI.

Beta

Panel Heat treatment grain size

_ode(_ 4m)
ZI As cold-rolled 57%

Z2 Cold-rolled 57% + 4820 C (9000 F) 8 h, air cool -

Z3 774 0 C (1425 0 F) for 5 min; air cool to 250 C 32

Z4 7740 C (1425°F) for 5 min; air cool to 25 0 C +
482°C (9000F) for 8 h; air cool to 25 0 C 32

Z5 7740 C (14250 F) for 5 min; air cool to 25 0 C +
5Q6 0 C (10500 F) for 8 h; air cool to 25 0 C 32

Z6 7740 C (14250 F) for 2.25 h; air cool to 250 C 52

Z7 7740 C (14250 F) for 2.25 h; air cool to 250 C +
4820 C (9000 F) for 8 h; air cool to 250 C 52

0P03-0249-119
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Figure 40. Microstructu res of Ti-1 5V-3Cr-3A1.3Sn alloy (Heat no. P3357) (a) as-cold-rolled PM421

57%, (bs) annwiled at 7750C (14250F) for 5 min, (c) annealed at 7750C 01425 0F)for 2.25 h, and (d) annealed at 7750C 014250F) for 5 min, air-cooled at 250C (770F)
+ annealed at 4820C (9000F) for 8 h and air cooled to 250C (77 0F).
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SECTION IV

CHARACTERIZATION OF SUPERPLASTICITY

4.1 Regular Grade Ti-6AI-4V

4.1.1 Strain-rate dependences of flow stress and strain-rate-sensitivity

The strain-rate dependences of flow stress and strain-rate sensitivity at 850 0 C,

(1562 0 F), 875 0 C (1607°F) and 906%C (1663*F) for different microstructural conditions

of regular grade Ti-6A1-4V determined from incremental-strain-rate tests are shown

in Figures 41 through 49, and the important superplasticity parameters are

summarized in Tables 15-17. The stresses and strain rates shown in Figures 41 through

49 are the true stresses and true strain-rates computed from load-displacement

curves, and the strain-rate sensitivity, m, was computed by fitting a third-degree

polynomial to the flow-stress/strain-rate data and determining the values of the

derivative of the polynominal at different values of strain rate.

With increasing grain size, the flow stress increases and the strain-rate

sensitivity decreases at 850*C (1562*F), 875°C (16071F), and 906 0C (1663*F).

The grain-size dependences of flow stress and strain-rate sensitivity, are

less marked at 906%C (1663°F) than at 850°C (1562°F) and 875°C (1607'F) because

of higher diffusion rates and rapid grain coarsening at the higher temperature.

The data in Tables 15-17 show that the incremental-strain-rate tests can be used

as a screening test for evaluating the superplasticity of a given material.

However, care must be exercised in using the maximum strai'n-rate sensitivity,

mmax, as the single superplasticity index of a material because the actual

manifestation of the large deformation typical of superplasticity depends on the

combination of grain size, temperature, and stress (or equivalently, strain-rate).

The strain rate at which m - 0.5, denoted by 0.51 was found to be a useful

superplasticity parameter because at strain-rates > 6O5 necking was observed in specimens

deformed tu large elongatlons at constant crosshead speed. The £0.5 value increases

74
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wtth decreasing grain size, and for a given microstructural condition,
0.5

decreases with increasing temperature. In specimens deformed at td•.nttcal tntttal

strain-rates, the resistance to necking was higher at gO6°C (]663°F) than at
o

65(1% (1562°F) and 875% (160•F), and necking resistance was higher tn fine. grained

specimens than tn coarse-grained specimens.

Results of analyses of least-square ltnear fits to the experimental flow-stress/
strain-rate data for the superplasttc strain-rate range of 1.6 x ]0-5 s"1 to

5.5 x lO"3 s"I, summarized in Table 18, indicate that the data cannot be adequately

represented by a single straight line. However, as shown in Figure 50, the strain-
rate dependence of flow stress of Ti-6AI-4V at strain•rates of lO"5 - 10..5 s"l,

encompassing the superplastlc range and conventional hlgh-temperature-forming

strain rates, can be accurately represented by straight lines in each of three

regions, A, B, and C, corresponding to straln-rate sensitivities of approximately

l, 0.5, and 0.2, respectively.

l°•_'l 'l ll( l (' If'I i' 'Ill, l I•_ _•..F'• -- !
I i -

S- / "-'°"' I -- ° -

R•jiee A ,

I
IC I I i I ,,I( I m l ,l@ i ,I l l.l i . i l #,
IO-B 10.4 10"3 10"2 10"I !

Strain rate, • (s"1) )

Figure 50. Flow :tress at 850°C (1562°F) as a fract(on of strainI

rate in recrystallizetion-annealed Ti•Al•tV.-•. i
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TABLE 18. THE VALUES OF SLOPES AND CORRELATION COEFFICIENTS FOR
STRAIGHT-LINE FIT BY THE METHOD OF LEAST-SCOUARES ANALYSIS
TO THE rLOW-STRESS/STRAIN-RATE DATA.

Slope of the straight line Correlation coefficient
Sample (m) for stralght-line fit

___ 850OC 870°C 9060 C 8SO°C 8700C 906°C

L - 0.494 0.491 - 0.9798 0.9800
H 0.472 0.503 0.615 0.9665 - -
E 0.411 0.423 0.498 0.9723 0.9730 0.9762
C 0.330 0.356 0.393 0.9788 0.0693 0.9718

K 0.495 0.489 0.619 0.9824 0.9797 0,9863
G 0.487 0.506 0.494 0.9731 0.9798 0.9798
D 0.402 0.437 0.578 0.9752 0.9791 0.9744
B 0.353 0.399 0.456 0.9817 0.9707 0.9650
J 0.518 0.487 0.514 0.9835 0.9822 0.9904

0.420 0.436 0.602 0.9863 0.9865 0.9735
F 0.427 0.418 0.539 0.9829 0.9853 0.9764
A 0.349 0.409 0.421 0.9869 0.9741 0.9716
xi 0.694 0.610 0.653 0.9775 - 0.9874
X3 0.615 0.570 0.621 0.9717 - 0.9832
X2 0.569 0.598 0,597 0.9889 - 0.9858
X4 0.492 0.540 3.558 0.9766 0.9813 0.9852

- -

V
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The three different straight-line regions of the flow-stress/strain-rate indicate

that the deformation mechanism changes from Nabarro-Herring creep (Reference 6)

or diffusion-accommodated grain-boundary-sliding (Reference 5), both of which

give m - 1, at low strdin rates to an interface-reaction-controlled grain-boundary-

sliding (Reference 7) or dislocation-motion-accommodated grain-boundary-sliding

(Reference 12), for which m = 0.5, at intermediate strain-rates, to dislocation-

climb-controlled deformation with m - 0.2 (or stress exponent of 5 in creep tests)

at large strain-rates. Near the transitions from A to B and B to C, the

deformation is governed by the superposition of the deformation mechanisms of

two adjoining regions, and no discontinuity of slope of the flow-stress/strain-

rate curve occurs.

The deformation substructures observed for the three strain-rate regions are

consistent with the different deformation characteristics. Whereas extensive

dislocation tangles and cell structures are produced at strain-rates > 0.001 s1l

(region C), alloys deformed in region A show no dislocation activity (Reference 23).

Confirmatory evidence for the three regions of high-temperature deformation behavior

of Ti-6AI-4V was obtained by texture measurements. The initial texture is retained

in specimens deformed in region C because of the dominance of dislocation processes,

but a reduction in texture sharpness and randomization of the texture occur in

specimens deformed in region A because of extensive grain rotations arising from

grain boundary sliding (Reference 24).

Figures 51 through 53 show plots of flow stress as a function of ln(strain-rate x

grain-size) for different microstructural variations of Ti-6A1-4V. The good

fit to the data by straight lines of slopes 1, 0.5, and 0.2 confirm the validity

of a linear dependence of flow stress on the reciprocal of the grain size. To

a first approximation, the strain-rate and grain size dependences of the flow

stress, o, at strain-rates of 10 - 102 s-l can be represented by a relation

of the form

d• ' 2I/m (5)

88 '77ý2 M;A"
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alpha , 66, and (c) volume % primary alpha - 45.
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Figure 53. Flow stress as a function of In (strain rate x grain size) at 9070 C (1866 0 F) in
regular-grade Ti-6AI4V; (a) vMume % primary alpha 88, and (bW volume %
primary alpha - 45.
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with m ranging from 0.2 at high strain-rates to 1.0 at low strain-rates. The

plots of grain-size dependence of flow stress and strain-rate shown for selected

alloys in Figures 54 and 55 indicate relationships of the form

flow stress - (grain size)b for constant • (6)

and

strain-rate - (grain size)-a for constant a, (7)

with values of a ranging from 0.5 to 1.2 ,nd b values ranging from 0.5 to

1.5. The values of a close to unity at low and intermediate strain rates

strongly support the inverse linear dependence of strain rate on grain size in

the superplastic region. The reduction of flow stress with decreasing grain

size is as expected from the extensive grain-boundary sliding occurring at high

temperatures and low strain-rates.

The normalized plots of grain-size and strain-rate dependences of flow stress

shown in Figures 51 through 53 are useful in differentiating different mechanisms.

Such plots additionally provide useful information for selecting suitable

parameters for the superplastic forming of a structural part.

The effects of initial volume-fractions of alpha and beta phases on the strain-rate

dependence of flow stress and strain-rate sensitivity are shown in Figures 56

through 58. The flow stress and m value do not depend significantly on the amounts

of the phases at 850'C (1562*F) and 875 0 C (1607'F), but the volume fractions of the

two phases have an effect at 906 0 C (1663°F) because of the effect on grain-growth

retardation of changes in the volume fractions of the constituent phases.

The grain-size dependence of flow stress at different strain-rates shown in

Figures 41 through 49 suggest that the the flow stress or, equivalently, the strain-

rate is suitably normalized with respect to grain size, a single curve or straight

line can represent the variations of flow stress with strain-rate for different

grain-size specimens. The different theories of high-temperature deformation are

at variance with respect to the grain-size dependence of strain-rate at any given

stress (Reference 6). Earlier theories predict an inverse third-power dependence

of strain-rate on grain size, d, at low stresses, but recent theories predict

the strain-rate to be proportional to either I/d 2 or l/d.
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Figure 54. Grain-ize dependence of strain rate at constant stress for regular-grado
Ti4AII4V, volume % primary alpha - 45; (a) 80°C, (1582 0 F); (b) 8750 C, Gm0adS14
(16°F) ;and (c) 9070 C (1686°F)
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The strain-rate dependences of flow stress and strain-rate-sensitivity at

815-975-C (1499-1787*F) shown in Figures 59a and 59b indicate that the best

combinations of low flow-stresses and high-m values, both of which are conducive to

superplasticity, are obtained in regular grade Ti-6AI-4V at 906*C (1663oF). The

dependence of superplasticity parameters on temperature and equilibrium volume

fraction of primary alpha shown in rigure 60 indicate that the best combinations

of flow stress and m-values are obtained for an equilibrium-alpha volume fraction

w0.6. The increase in flow stress above 9060C is due to an increase in the

equilibrium volume-fraction of the lesser-deforming beta phase and to rapid grain

growth.

4.1.2 Strain Dependences of Flow Stress and Strain-Rate-Sene"tivity

Since incremental-strain-rate test applies only to initial SPF behavior, the strain

dependences of flow stress and straii,-rate sensitivity of regular-grade

Ti-6AI-4V were determined from constant-strain-rate tensile tests, constant-

crosshead-speed tensile tests, and flat-ring compression tests.

Typical true-stress/true-strain plots determined From constant strain-rate

tensile tests at different strain rates shown in Figures 61 and 62 for regular-

grade Ti-6AI-4V and ELI-grade Ti-6A1-4V indicate significant increases in flow

stress with strain, which clearly demonstrates the inadequacy of short-term

incremental-strain-rate tests for determining the strain-rate dependence of

flow stress. The variations of strain-rate sensitivity with strain determined

from Figure 61 and 62 are shown in Figure 63. The value of m decreases with

strain because of increasing grain size and, possibly, the formation of a

substructure that alters the deformation mechanism. From a practical standpoint,

this variation of m with strain has a6 important bearing on superplastic forming

process-design calculations because provision must be made to compensate for de-

creasing strain-rate sensitivity with increasing strain.

Figures 64 and 65 are the stress/strain plots determined by constant-strain-rate

tensile tests, constant-crosshead-speed tensile tests, and flat-ring compression

tests at 875°C (1607 0 F) for strain rates of 10" and 10" s-l The tensile flow

stress increases with increasing strain, the increase being more pronounced at

10- 3 s-l than at the lower strain rate. The strain dependence of compressive

flow stress, listed in Table 19, follows a trend similar to that of the tensile
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TABLE 19. FLOW-STRESS DATA OF NORMAL-TEXTURED TI-AI4V
(FROM FLAT-RING COMPRESSION TESTS).

T - 9070 C (16650 F) Lubricant: Boron nitride

- - , 0.00014 s"1 ; - 0.001 5"1

Grain Interfacial F Interfacial
Sample VaStrainn Flow stress friction Strain friction

e factor e) factor

(urn) [MPa (psi] (M) [MPa (psi)] (M)

L 88 5.8 0.11 21(3037) 0.30 0.17 27(3879) 0.37
0.26 22(3200) 0.30 0.28 30(4402) 0.43
0.36 27(3930) 0.27 0.35 28(4119) 0.38

K (4 5.8 0.10 - - 0.27 27(3940) 0.35
0.27 - - 0.31 29(4152) 0.35
0.34 - - 0.38 19(2768) 0.78

47 5.6 0.18 19(2752) 0.28 0.17 28(4107) 0.35
0.31 16(2345) 0.54 0.29 31(4544) 0.26
0.34 17(2512) 0.61 0.35 34(4956) 0.21
0.16 18(2553) 0.16 0.27 27(3900) 0.25

J 4.4 4.4 0.30 22(3138) 0.18 0.33 27(3955) 0.26
0.34 29(4154) 0.17 0.38 26(3755) 0.26

E 88 12.2 0.15 20(2888) 0.30 - - -

0.27 24(3463) 0.24 - - -

0.35 26(3814) 0.23 - - -

H 88 7.7 0.23 17(2393) 0.27 - - -

0.33 18(2541) 0.40 - - -

0.37 18(2636) 0.48 - -

1043-2454

i
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flow stress, but the compressive flow stresses are slightly higher than the tensile

flow stresses. Because the constant-crosshead-speed test yields a stress-strain

characteristic under the condition of continuously decreasing strain-rate, the

constant-crosshead-speed data were adjusted by the conventional method to obtain

the calculated constant-strain-rate curves shown in Figures 64 and 65. The trans-

formation of constant-crosshead-speed stress-strain curves into constant-strain-

rate curves is clearly not satisfactory because it is based upon the stress/strain-

rate relationship for small strains and does not incorporate the strain dependence

of this relationship.

The elongations and necking-resistance observed for different specimens are listed

in Tables 15-17. In specimens deformed at identical initidl strain rates, the

resistance to necking was higher at 906'C (1663*F) than at 850 0 C (1562'F) and

870*C (16071F), and the necking resistance was higher in fine-grained specimens

than in coarse-grained specimens.

4.1.3 Time dependence of strain rate at constant stress

Constant-stress tests at 906 0 C (1663 0 F) were conducted on regular grade Ti-6A1-4V

to determine the strain rate as a function of time and to evaluate the relationship

between laboratory-test flow-stress/strain-rate data and cone-forming test data.

Figure 66 shows plots of strain as a function of time for regular grade Ti-6Al-4V at

stresses of 4.1 - 17.2 MPa. The continuously decreasing strain-rate with time is

consistent with the hardening observed in constant-strain-rate tests and indicates

that Ti-6AI-4V is metallurgically unstable during slow strain-rate high-temperature

deformation. The metallurgical instabilities include grain growth, changes in volume-

fractions and compositions of the alpha and beta phases, and deformation sub-

structures. The stress dependence of strain rate follows a trend similar to that

observed in constant-strain-rate tests and incremental-strain-rate tests. The

variation of strain rate with time can be partially explained by the

increasing grain size during superplastic forming. If the grain growth during

superplastic forming is assumed to follow a parabolic law of the form

d - do = Kt 1 , (8)
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where dois the initial grain size, t is the time, and n1 is the grain growth

exponent, and if the apparent hardening observed in Figure 66 is due solely to

grain growth, then a plot of ln(strain rate) as a function of ln(time) should

yield a straight line of slope equal to the negative of the grain-gruwth

exponent, n,. The plots shown in Figure 67 exhibit a linear variation of

ln(strain rate) with ln(time) with a slope -- -0.15, in good agreement with the

grain-growth exponents of 0.1-0.2 observed for Ti-6AI-4V at 800-9000 C.

The effects of applied stress and initial grain sizes on the variation of strain

rate and strain with time during constant-stress tests are shown in Figures 68

through 70. The strain rates are higher in fine-grained specimens than in

coarse-grained specimens, in agreement with the results of incremental-strain-

rate tests.

The effect of temperature on strain rates obtained during constant-stress tests

is shown in Figure 71. The higher strain rates observed at higher temperatures are

due to specimen necking and do not necessarily reflect continuously increasing

superplasticity with increasing temperature.

3.6 -- ---- 1---T 1 --1 --1 --- I-1
3.2 -- /-

2.3-

2.4

2.0 -
0 0a 4,1 MPa (600 psi)

S1.6 - 0 =10.3 MPa (500psi)-
0 0- 13.8 MPa (2000 psi)

1.2 A 0- 17.2 MPa (2500psi) -

0. 8

0.4

0 2 4 6 8 10 12 14 16 18
Time (ks)

OP034249-a

Figure 66. Variation of strain with tim determined for constant stress tests
for regular-grade Ti-6AI-4V at 907°C (16650 F) (Specimen K,
volume % primary alpha - 66, grain size - 5.8 Jm).
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Figure 67. Variation of In (strain rate x instantaneous grain-size) with time during

comtant stress testing of Ti-6AI-4V at 9070C (1665 0 F).
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Figure 68. Variation of strain rate with time determined from constant stress tests for regular--ade
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Figure 69. Variation of strain with time determined from constant stress

tests for regular-grade Ti-6AI-4V at 9070 C (1 6650 F).
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Figure 70. Effect of grain siv% on strain rates of repelar-grade Ti-6AI-4V determined
from orstant stress tests at 9070 C (16650 F).
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Figure 71. Effect of temperature on strain rate of TI-6AI-4V determined from constant stras tests.

To simulate a diffusion bonding cycle prior tu superplastic forming, strain rates

were measured on specimens soaked at temperature for 2 dnd 4 hours prior to

testing. The effects of soak time on strain rates of regular-grade Fi-6A1-4V

with a 6-pm grain size are shown in Figure 72 and the grain sizes of the specimen

at different times are listed in Table 20. The initial soak results in a decrease

in strain rate because of the increased grain size.

TABLE 20. EFFECTS OF STRESS AND TIME ON GRAIN GROWTH DURING
SUPERPLASTIC TESTINU OF Ti-6AI4V AT 907°C(1665°F)

Alpha grain size
Soak Test (pnv)

Specimen time duration
(mai) (min) Unduormed Deforned

region region

10 30 8 9

10 60 10 13

L 10 120 12 15

10 190 22 24

250 190 24 25
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primary alpha -88, grain size - 12 /•m).
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4.1.4 Flat,-Ring Compression-Test Evaluation of Lubricants

The flat-ring compression test, in addition to measuring the strain dependence

of compressive flow stresses, can be used to quantitatively assess metal-forming
lubricants. The ability of a lubricant to transfer an applied load to the deforming

material is related to the interfacial friction factor, M. In the present
investigation, the characteristics of several commercial lubricants (Delta Glaze

347M, boron nitride, Formkote /50, Graphite AA, and Graphite AE) were studied by

flat-ring compression tests at 850-950 0 C (1560-1740 0 F). Whereas Delta Glaze and

boron nitride gave M values of 0.1 and 0.3, respectively, the other lubricants

exhibited interfacial f-iction factors greater than 0.4, rendering them less

efficient for high-temperature Ti-6A1-4V forming operations.

4.2 ELI-Grade Ti-6A1-4V (T = 968°C)

The strain-rate dependences of flow stress and strain-rate-sensitivity for ELI

grade Ti-6Al-4V at 8501C (1562 0 F), 875°C (1607 0 F) and 906*C (1663*F) are shown

in Figures 73 through 78 and the normalized plots of flow stress as a function of

ln(strain-rate x grain-size) are shown in Figures 79 through 81. At constant

temperature, the ELI grade Ti-6AI-4V has lower flow stress and higher strain-rate

sensitivity than regular-grade Ti.6A1-4V.

Figure 82 shows the plots of ln(a) as a function of ln(strain-rate x grain-size)

for different microstructural conditions of the regular-grade and ELI-grade
Ti-6A!-4V at different temperatures. The ratio of the test temperature, T, to

the beta-transus temperature, TV, is indicated for each alloy. As T/T a decreases,

the flow stress increases and the strain-rate region over which m > 0.5 shifts to

lower strain rates. The differences in flow-stress/strain-rate behavior between

ELI-grade and regular-grade Ti-6A1-4V can be described solely in terms (if the

lower beta-transus temperature and hence the highev amount of equilibrium alpha in ELI-

grade Ti-6A1-4V. Any other effects of interstitial oxygen concentration on the flow-
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Ti-6A1-4V. Any other effects of interstitial oxygen concentration on the flow-

stress/strain-rate behavior at superplastic-forming temperatures are negligible.

Since the plots shown in Figure 82 are normalized with respect to grain size and

temperature, they can be used to obtain superplasticity parameters for a given

alloy at any desired temperature.

To determine the influence of grain growth on flow stress during testing, the

strain dependence of flow stress and the grain size variation with time in the
deformed and grip sections of ELI-grade Ti-6AI.-4V (Specimen X3) were measured at

875-C (1607-F). The stress-strain behavior determined from constant-strain-rate

tests is shown in Figure 83, and the average of the alpha and beta grain sizes as

a function of time is shown in Figure 84. Assuming a linear dependence of flow
stress on grain size at a given strain rate, Figure 85 shows the flow-stress/strain

behavior of Specimen X3 corrected for grain growth during testing. The variation

of grain-growth-compensated flow-stress, o/L, with strain, where L is the instantaneous

grain size, indicates that there is an apparent strain hardening beyond that caused

by grain growth at superplastic temperatures which should be taken into account

when using laboratory flow-stress data in superplastic-forming calculations. The

variations of strain and strain-rate with time determined from constant-stress

tests for ELI.-grade Ti-6A1-4V at 875%C (1590'F) are shown in Figure 86.

4.3 Regular-Grade Ti-6AI-4V with Elongated Alpha, Blocky Alpha, Banding, and

Transverse-Basal Texture and Coil Rolled Ti-6AI-4V

Special processing schedules involved in the production of different grades of

Ti-6AI-4V result in microstructures. significantly different from that of regular-

grade Ti-6A1-4V. The effects of such process variations on the strain-rate dependence

of flow stress are shown in Figures 87 through 94 and the important superplastic

parameters are listed in Tables 21-23. The superplastic characteristics of specially

processed Ti-6AI-4V are compared with that of regular grade Ti-6AI-4V in Figure 95.

'The superplastic parameters of blocky-alpha and banded microstructures are similar

to those of regular-grade Ti-6A1-4V, but the coil-rolled Ti-6A1-4V, elongated-

alpha Ti-6AI-4V, and transverse-basal-textured Ti-6AI-4V have significantly higher
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flow stresses and lower strain-rate reositivities than regular-grade Ti-A-4V.

Although the blocky-alpha Ti-6A1-4V consists of a high volume-fraction of coarse

alpha grains, the low flow-stress values and high m-values of this alloy apparently
result from a fine-grain microstructure present between coarse alpha grains.

Banding in Ti-6AI-4V should adversely affect superplastic characteristics because of the ¶

presence of lightly-worked Widmnnstitten alpha. The absence of any such effect in the V

alloys investigated in this study is probably due to the low levels of Widmanstwtten

alpha in these alloys.

Although the coil-rolled Ti-6AI-4V has an equiaxed microstructure with the average

alpha and beta grain sizes similar to those in regular-grade Ti-6AI-4V, the large

disparity between the grdinl sizes of the individual phases lead to higher flow

stresses and lower strain-rate-sensitivity values.

The inferior superplastic characteristics of elongated-alpha Ti-.6AI-4V are as expected

from the long Widmanstgtten alpha-beta plates, which render grain boundary sliding

extremely difficult because of the long diffusion distan';es involved -in flow

accommodation processes.

The higher flow stress and lower strain-rate sensitivity of transverse-basal-textured

Ti-6AI-4V are probably due to the undesirable nmicrostructures resulting from tile

processing rather than a direct effect of tho texture.

The effects of various microstructural anomalies cn the strain rate at 9061C (1663*F)

at a stress of 8.4 MPa (1.2 ksi) are shown in Figure 96. The strain rate for banding

and blocky-alpha microstructures is comparable to that of regular-grade Ti-6AI-4V,

but the strain rates of transverse-basal-textured and elongated-alpha microstructures

are as much as an order of magnitude lower than that of regular-grade Ti-6A1-4V.
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Thus, among the common microstructural anomalies encountered in T1-6Al-4V,

elongated alpha adversely affects the superplastic forinabillty whereas blocky

alpha and banding have no significant effect on superplasticity.
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4.4 Ti-6AI.2Sn-4Zr-2Mo (T8 .! 9932CQ

The strain-rate dependences at 875*C (1607'F), .n06t C (1603'F). and 9251C (1697*F)

of flow stress and strain-rate sensitivity of different microstructural variations

of the super-alpha alloy, Ti-MAI-2Si-47r-2Mo, rn'e shown in Figurt.s 97 through 100.

Flow stresses are slightly higher and strain-rate sensitlvi'i;'.es ar• lower than for

regular-grade Ti-6A1-4V. In contrast with the weak den.ndenze of flow stress on

volume fraction of primary alpha in Ti-6Al-4V, the flow stress of Ti-6AI-2Sn-4Zrr2Mo

alloy increases with increasing volume fractie, o• primary alpha. The higher flow

stress in the alpha-rich alloy arises fronm the solid-snlution effect of Al, Sn,

and Zr, and the 4.eper.dence on volume fracti',n of primary alpha arises from narrower

alpha + beta region in the Ti-6A1-2Sn-"Zr-2Mo alloy. Whereas in regular grade
Ti-6AI-4V, because of the faster diffusion of V, the equilibrium volume fractions

are attained at relatively short times and hence the effect of initial vo'iume-

fraction of alpha on high-temperature flow stress is negligible, the slower

diffusivity of Mo in the super-alpha alloy leads to longer times for equilibration

and, consequently, dominanice of the effect of initial primary-alpha content on

flow stress. At any tzmperature, the equilibrium volume-fraction of primary alpha

is higher in Ti-6A1-2Sn-4Zr-2M1o than in Ti-6A1-4V. The alpha alloy, although it

does not have as high a strain-rate sensitivity of flow stress as Ti-6A1-4V, has

m values greater than 0.5 over a wider range of strain rates. Nevertheless, at

875 0C (1607 0 F) the superplasticity of the super-alpha alloy is only marginal,

whereas fine grained Ti-6AI-4V exhibits excellent superplastic i ty. For realizing

superplasticity comparable to that of Ti-6AI-4V for equivalent grain sizes in

Ti-6AI-2Sn-4Zr-2Mo, the temperature must be approximately 25*C (45'F) higher for

the super alpha alloy.

4.5 Ti-8Al-lMo-IV (T_ = 1032C)

Incremental-strain-rate tests at 870-980*C (1600-18001F), for T/T, ratios of

0.84-0.95, were conducted on tvo heats of Ti-8AI-lMo-lV with gage thicknesses of
1.14-1.27 mm. All tests were with the tensile axis parallel to the rolling direction

of the sheets. The strain-rate dependences of flow stress and strain-rate-

sensitivity are shown in Figure 101. For a given strain rate, the flow stress is

considerably higher for Ti-8A1-lMo-IV than for Ti-6AI-4V at the same temperature.

However, at constant TiT,, where T is the test temperature and TB is the beta-

transus temperature, the variation of flow stress with strain rate is identical

for the two ailoys. Above 870 0C (1600 0 F), the strain-rate dependence of the
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strain-rate-sensitivity of Ti-8AI-lMo-IV is comparable to that of regular-grade
TI-6A1-4V. The variation of strain and strain-rate with time determined from

constant-stress tests at 925gC (1700*F), 950°C (1740°F), and 1010C (1850*F) are

shown in Figures 102 through 104.

4.6 Ti-3A1-2.5V (4 = g30 Cj

The lightly alloyed alpha-beta alloy, Ti-3A1-2.5V, has the lowest beta-transus

temperature of all the alpha-beta alloys tested in this program. The alloy
exists as a single alpha-phase below about 760°C (14000F), and is all beta phase

above 930*C (1706 0 F). Thus, the possible superplastic range for this alloy is
800-900-C (1472-16520F). The strain-rate dependences at 800°C (1470*F),
840*C (1544*F) and 875'C (1607°F) of the flow stress and strain-rate-sensitivity

for Ti-3AW-2.5V with primary volume-fractions of 0.87 and 0.57 and grain sizes of
4.3-10.2 pm are shown in Figures 105 through 108. The alloy at 840-8750C (1544-

1607 0 F) exhibits excellent superplastic characteristics with lower flow stresses

and strain-rate sensitivity values comparable with those of regular-grade

Ti-6A1-4V. In agreement with the trends observed in Ti-6A1-4V, the flow stress

in Ti-3A1-2.5V increases with increasing grain size and does not vary significantly

with the amount of primary alpha.

4.7 Ti-15V-3Cr-3Sn-3A1 (Tl =746%)

The s-train-rate dependences of flow stress and strain-rate-sensitivity of

different microstructural variations of Ti-15V-3Al-3Cr-3Sn alloy are listed in

Thble 24 and shown in Figures 109 through 113. The results indicate that the

mdximun strain-rate sensitivity of this beta alloy isj0.4. The flow stresses are

high in the low-temperature region, and at high temperatures where grain growth is

rapid, mmax occurs at very slow strain rates. The grain size of specimens tested
at 700-920'C (1290-1690*F) are shown in Table 25. The extensive grain growth

observed at high temperatures is the cause for the high flow stress and low

strain-rate-sensitivity in the alloy.

The true-stress/true-strain curves (Figures 114 and 115) determined from constant-

strain-rate tests clearly show the unstable deformation at small strains of this

alloy at 810*C (1490'F) and 760°C (1400 0F). The results indicate that superplastic
forming of Ti-15V-3Cr-3Sn-3Al is not feasible at practical pressures.

147

-O



(U)

2.0 - r-- T I

Gouge thlcknass - •,14 mm (0045 In.)

8.3 MPa 11.2 ksiO

1.5 
13P MP& (2,.0 ki)

• 1.0

0.5

S..-.- - - --- - -t ' - - -
0

3.0
Gauge thickness - 1.14 mm (0.045 in.)

-\ 8.3 MPe (1.2 ksi)

- - - 118MPa (2.0 ksi)

2.0

1.001

0 2 4 6 8 10 12 14 16 18 20

Time (ks) GPO 024e.49

Figure 102. Variation of (a) strain and (b) strain rate wvith tinwe at 925o(C determined f~omn constant

stress tests for Ti-SAI-1 Mo-1 V.

148

- 32



Gauge thickness - 1.14 mnm (0.045 in.)

8.3 MWe (1.2 kst)
--- 13.8 MPa (2.0 ksi(

1.5

C1.0 00

0.5/

(b)

3.0
Gauge thickness 1.14 mm (0.045 in.)

8.3 MWe (1.2 ksi)
- -~ -- - - 13.8 MWe (2.0 ksi)

0~2.0

1.0

0 2 4 6 8 10 12 14 16 18 20

'Time (ks) OPO30249-6

Figurc, 103. Variation of (a) strain and (b) strain rate with time at 9500C (17420F) determined
from constant stv't.u timts for Ti-8AI-1 Mo-i V.

1.49



(a)

2.0 1 !

j Gauge thickness 1,14 mm (0a045 in.)
- - 8.3 MPa 11.2 ksi)

S.5 - 13.8 MPs (2.0 ksi)

1.5 I

C 1.0

0.5

0

(h)
I II II I I

3.0il
3.0 

Gauge thicknes - 1.14 mm (0.045 in.)

8.3 MPa (1.2 ksi)
13.8 MPa (2.0 kiui)

" 2.0 -

1.0

00 2 4 6 8 10 12 14 16 I8 20

Time (ks) 0PWW4641

Figure 104. Variation of (a) strain and (b) strain rate with time at 10106C (18500 F) determined

from constant stress tests for TI-SAI-1Mo-IV.

150

I A



100(a W
800

60

40 -6

20

IL 2

* 1 8 0

- 0.8

LL~ 4 -- 0.6 U*

0 80- 0.4
2 -0 8400'C

00

1.24

1.2 - 840 c

1.0
E

S0.8

0.6 - _

0.2

10'5  0- jo3  10o2
Strain rate, Is'l.) OP084124942

Figure 106. StraIn-rat dapenderioe of ia) flow stress and 1b) strain-rate sens~tivity for Ti-3A1-2.5V
sample RI' (volume % primary alpha - 87, grain size -5.6 Mm).

2.51



100-

10
s0o 8

40 6

20

1.2

1.0

8

6 0.8

0.40C 
.

A0.2C .

-AA I IIo I1 .

1152

_______________N__



100-

80j0
60 "

40 6

4

20

A2
10
8

6- us.8

U. 4 - 0. 6 U-

rD nO0C - 0.4
2- 0 840'C

A 8750 C
- .2

1-
I I II I I i ii I I. i i _I o.

0.1
(b)

1.4 - I I -

1.2 -800c
8400 C

0750C

1.0
E

0.8

0.4

0.2

0 _ I I I I i i JI I I
00-10"5 10-4 10-3 10"2

Strain rate, • (s0) o04544

Figure 107. Strain-rate dependence of (a) flow stress end (b) strain-rate uwnsitivtty for
Ti-3AI-2.I;V sample R3 (volume % primary alpha = 87, grain size = 10.2 pm).

153



(a)

800

80 810

40 6

4
20

• ~2 .

• 10

6

- 0.8
LL 4- 0.6

ni WC - 0.4

2 -0 840°C

A 876 0 C

1.

I I ii I I i i I I - 0.1

1.4 I I , I I i [i i o.r

1.2 0°C
840oC

1.0

.= 0.8

S0.6
U,.,

0.4

0.2

0 L ------ I I I I i
10Y-5 10 "4 10-3 10 "2

Strain rate, W ($-1) i.

Figure 1608. Sttain-rate dependence of (a) flow stress and (b) stimin-rate sensitivity for
Ti-3AI-2.5V sample R4 (volume % primary alpha - 568, grain ize - 8.6pml.

.54



TALE 24. MiCRCAIIRUCTURE VARIABLES FOR THE STUDY OF THE
$UPERPLASTICITY OF Ti-lBV-3CrM3Sn-3A1.

Graelp sizeSSpecimen Mivostructuro (0m

SZ11 rcld-worked -
Z2 Plartially recrvstallized, fine alpha --

precipitates

Z3 Fully recrystallized, small grain size 32
Z4 Fully recrystallized, small grain size, fine 32

a!pha precipitates
Z5 Fully recrystallized, small grain size, coarse 32

alp:ia precipitates
Z6 Fully recrystallized, large grain size, fine 52

alpha precipitates
Z7 Fully recrystallized, large grain size, 52

coarse alpha precipitate

15PO5024- I
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TABLE 25. GRAIN GROWTH IN Ti-15V-3A1-3Sn-3Cr DURING
INCREMENTAL STRAIN-RATE TESTS.

Test temperature Grain size Grain size
(Test duration: • 2 hr) before test after test

(0C) ("m) (Am)

700 32 35

740 32 60

780 32 90

820 32 150

920 32 250

1PO6112
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4.8 Comparisonis of St~perplastic 9ehavi'r of Different Titanium Alloys

Figures 116 througý 118 show comparisons of strain-rate dependences of flow-

stress and strain-rate for several alpha-beta titanium alloys with similar

initial microtructures. Of all the alloys, ELI-grade Ti-6AI-4V and Ti-3A1-2.5V

thave the lwest flow stresses and highest strain-rate sensitivities. However,

all the fine-grained alpha-beta titanium alloys have acceptable superplasticity

parameters at 840-910C (1540-1670 0 F). The beta alloy, T1-I5V-3Cr-3Sn-3A1 has

unacceptably high flow stress and low strain-rate sensitivity.

The effects of crystallographic texture on the superplastic parameters of Ti-6AI-4V

* at 850 0 C (1560"F) are ,hown in Figure 119. The differences in the flow stresses

and strain-rate sensitivities between basal-textured and transverse-basal-textured

:* specimens are due mainly to the microstructural differences rather than texture

differences because the contribution of orientation-dependent slip processes to

the overall deformation in the superplastic range is negligible. Furthermore, the

difference in flow-stress between the longitudinal and transverse directions even in

the basal-textured specimen, which should have nearly isotropic slip-related

properties in the rolling plane, indicates that the anisotropy of the high-temperature

flowv-stress results not from texture but from the differences in microstructural

parameters in different directions.

Figures 120a and 120b show comparisons of variations of strain and strain-rate

with time for the alpha-beta alloy, Ti-6AI-4V, and the near-alpha alloy, Ti-8A1-lMo-lV.

The strain rates of the alpha-beta alloy are significantly higher than those of the

near-alpha alloy because of large differences in the equilibrium volume fractions

of alpha and beta phases. A significantly higher amount of equilibrium primary-alpha

present in Ti-8Al-lMo-IV at 906°C (1663 0 F) and 925'C (1697 0 F) results in decreased

diffusion rates and increased grain-size, both of which adversely affect the

superplastic characteristics. The strain-rate dependence of flow stress for

several alpha-beta titanium alloys plotted at different T/Ta values (Figure 121)

clearly indicates the unique dependence of flow stress on the equilibrium volume-

fractions of the constituent phases at test temperatures.
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SECTION V

SLIPERPLASTIC FORMING EVALUATION

5.1 Verification of Biaxial Conical Die Forming

For microstructure E (0.87 a, 12.2 jim), an intermediate grain size normal textured
regular-grade Ti-6AI-4V, a wide range of strains were made at 907 0 C (1665oF).

The largest cones of 38.1 inm (1.5 inch) diameter were sectioned and the thicknesses
were measured at the bottom of t0e cones along with the depth in cone. The
constant stress predicted for forming in the cone, Equation 1, in Section 2.3.3
was compared with the stresses calculated from thickness measurements for biaxial
forming of membrane, Equation 2, in Section 2.3.3. These stresses are shown in
Table 26. The variations in stress calculated from thickness with predicted

constant stress (when material first touches die wall, H = .595) were within + 6%,
and the test thus simulates constant-stress conditions with acceptable accuracy
for cones with H values (ratio of depth in cone to radius) greater than 0.5.

The validity of Equation 3 in section 2.3.3 for calculating the strain in a cone
from the depth-in-cone measurements was made by comparing the total strain from
thickness measurements with the total strain determined by adding the strain from
equation 3 and the strain for the sheet material to reach the conical die surface,
e = 0.3. The results are shown in Figure 122. Because of the excellent agreement

between these two methods of measuring strain, depth measurements in the cone can
be used with confidence to determine the strain.

TABLE 26. COMPARISON OF STRAIN DEPENDENCE OF STRESS CALCULATED FROM
THICKNESS MEASUREMENTS WITH PREDICTED VALUES FOR
SUPERPLASTIC CONE-FORMING AT 9070 C (16650 F) OF 38-mm (1.5 IN.)
DIAM REGULAR-GRADE Ti-SAI4V (PANEL E; GRAIN SIZE - 12.2 pm,
VOLUME % PRIMARY ALPHA - 87).

Final depth Final Strain Calculated Predicted
in cone H thickness from stress constant

in ore thickness stressmm (in.) mm (in.) MPa (psi) MPS (psi)

3.11 (0.350) 0.49 1.401 (0.055) 0.21 9.07 (1316) - -

13.3 (0.523) 0.73 1.191 (0.047) 0.37 8.55 (1240) 8.96 (1300)

17.8 (0.700) 0.98 0.940 (0.037) 0.61 8.41 (1220) 8.96 (1300)

19.8 (0.778) 1.09 0.737 (0.029) 0.84 9.38 (1360) 8.96 (1300)

24.9 (0.979) 1.37 0.508 (0.020) 1.22 8.55 (1240) 8.96 (1300)

OP0Io24*2ass
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5.2 Biaxial Conical-Die Forming of Regular-Grade Ti-6AI-4V and ELI-Grade TI-6AI-4V
(Normal Texture)

Biaxial cone-forming tests were performed at 871*C (1600*F) and 907*C (1665 0 F)

with forming times of 0.5 hour and 5.0 hour. The strain rate dependence of flow

stress was correlated with laboratory tests results, and microstructural modifica-

tions produced by forming were characterized. The effects of a diffusion-bonding

cycle on subsequent superplastic forming rates were determined.

The initial biaxial cone forming tests were performed on normal textured, regular-

grade Ti-6AI-4V with short forming times 0.5 hours, at 907'C (1665*F), and the

results are tabulated in Appendix C. The strain rates obtained from the conical-die

forming are compared with incremental strain-.rate test results in Figure 123 through

125 and the agreement between the two kinds of test at high strain rates is excellent.

The microstructures having similar primary alpha grain sizes for all regular-grade

Ti-6AI-4V have been plotted together in Figures 123 through 125 because the strain

rate varies little with changes in primary-alpha level. For microstructures

K (0.64 a , 5.9 ijm) and J(0.47 a., 4.4 um) of normal textured regular-grade Ti-6A'-4V,

forming extended to the bottom of the bottom of the largest-diameter cone, with

failure occurring at strains of 2.0 and 2.3, respectively. These strains represent

the upper limit for biaxial, superplastic forming of titanium alloys in conical dies.

Biaxial forming in conical dies was performed also on ELI-grade Ti-6A1-4V at 871*C

(1600*F) and 907*C (1665*F) at high strain rates and forming times <0.5 hour.

Results shown in Figures 126 and 127 agree well with incremental-strain-rate

tests.

Normal textured regular-qrade Ti-6A1-4V and ELI-grade Ti-6A1-4V were biaxially,

superp)3stically formed at slow strain rates at 871%C (1600*F) and 907*C (1665*F).

A constant forming pressure was applied for 5 hours to obtain forming in all of the

cones. Average strains were calculated from Equation (3) using the forming times

after the alloy sheets first touched the cone surface. The low strain-rate cone-

forming results are plotted in Figures 128 through 131 and compared with incremental-

strain-rate test results. At the lower strain-rates, or longer forming times, the

cone-forming data do not agree with the results of incremental-strain-rate tests,
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Figure 123. Strain-rate dependence of flow stress at 9070 C (1666 0 F) of normal-textured
regular-grade Ti-6AI-4V determined from cone-forming tests (symbols) and
incremental strain-rate tests (dashed curve).
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which are low-strain, short-time tests. The incremental-strain-rate tests are not

reliable for predicting superplastic forming involving large strains and long forming

times, and the conical die or some other test method is thus required.

5.3 Grain-Growth During Superplastic Forming of Ti-6AI-4V

Alpha grain size measurements of regular-grade Ti-6AI-4V and

ELI-grade Ti-6AI-4V were made with materials slowly cooled from a biaxial-forming

temperature to evaluate effects of initial grain size, strain, time at temperature

and volume fraction primary alpha at 907'C (1665°F). The linear intercept method

was used to measure the alpha grain size. A minimum of six readings was used for

each measurement. Alpha grain sizes were measured in two orthogonal directions to

show any elongation effects of strain. The volume fraction of alpha-phase used

for each alloy was the room temperature value from Tables 4 and 9.

For regular-grade Ti-6AI-4V mic..structures having an initial primary

alpha phase of 0.88, the alpha grain sizes for the largest cones are shown in

Table 27. The equiaxed ricrostructure is maintained quite well in the biaxial

conical die forming test for all of these microstructures. For all micrestructures

shown in Table 27, some recrystallization occurred at the highes strain. For

microstructures>7.6 lm, this recrystallization is responsible for a small

reduction in average alpha-grain size at the highest strain. For smaller grain

sizes, a higher strain is required to initiate recrystallization. The most

significant factor contributing to alpha-phase grain growth is time at temperature,

with the highest alpha-phase grain growth occurring in the finer microstructures.

For regular-grade Ti-6AI-4V having an initial prinary-alpha volume

fraction of 0.45 and 0.66, the average alpha grain si7es after forming in a conical

die at 9071C (1665°F) are shown in Tables 28 and 29. The grain growth of the alpha

phase is similar for all of the equiaxed regular-grade microstructures of Ti-6A1-4V,

and the volume fraction primary alpha had little influence on the alpha-phase grain growth.
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TABLE 27. EFFECT OF SUPERPLASTIC STRAIN ON GRAIN GROWTH AT 9070 C
(11050 F) IN REGULAR-GRADE TI4-AI.4V (INITIAL PRIMARY ALPHA
VOLUME FRACTION "88).

Initial Total
primary time at

alpha grain temprature Strain Grain size

Ssize teprte

(pm) (man) (prm)

17.6 33U 0 20.0
0.23 21.0
0.58 18.8"

12.2 330 0 13.0
0.46 14.0
1.03 13.5*

7.6 330 0 11.4
050,= 13.8
1.13 13.0*

6.0 330 0 10U.0
0.7 10.7
0.78 10.8
1.1 11.8

6.0 7/5 0 8.7
0.5 10.0
1.55 8,8*

"Partial recrystallization 0P03-0249.120

TABLE 28. EFFECTS OF SUPERPLASTIC STRAIN ON GRAIN GROWTH AT 9070 C
(16650 F) IN REGULAR-GRADE Ti-6AI4V (INITIAL PRIMARY ALPHA

VOLUME FRACTION - 66).

Initial T otal
primary

alpha grain tmperature Strain Grain sizesize teprte

(prm) (min) (pAM)
18.1 330 0 17.6

0.35 17.6

0.64 19.4

14.2 330 0 14.5
0.43 15.9
1.0 18.2

7.9 330 0 14.1
0.46 12.9
1.0 14.5

5.9 330 0 11.0
0.57 12.6
1.3 13.9

GP03424t-121
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TABLE 29. EFFECTS OF SUPERPLASTIC STRAIN ON GRAIN GROWTH AT 9070C
(1615 0 F) IN REGULAR-GRAUE TI4AI4V (INITIAL PRIMARY ALPHA
VOLUME FRACTION - 46).

Initial Total
primary time at

alpha grain temperature Strain Grain size
size

(pom) (nin) (pom)
12.6 330 0 14.4

0.29 16.3
0.53 15.9

7.2 330 0 11.3
0151 14.7
0.93 16.8

4.4 330 0 10.8
0.53 13.7
1.25 11.3"

"Partial recrystallization OPO3424e.t22

Grain sizes after forming in a conical die at 871% (1600*F) are given in Table 30

for regular grade Ti-6A1-4V panels that had a primary-alpha volume fraction of
0.88 and an initial grain size of 6.0 pm. The grain growth and the effects of strain

are similar to results shown in Table 27 for forming at 9070C (1665*F).

Grain growth in conical die forming was measured for ELI grade Ti-6AI-4V for grain

size of 5.6 Pam which had a primary-alpha content of 0.88. These results are shown

in Table 31. The kinetics of grain growth in ELI-grade Ti-6AI-4V in equiaxed

microstructure follows closely the grain growth kinetics in regular-grade

Ti-6A1-4V of similar grain size.

5.4 Effects of a Diffusion-Bonding Cycle on Superplastic Forming

The effects of a prior diffusion-bcnding cycle on the superplastic, conical-die

forming at 907°C (16650F) were studied for normal-textured, regular-grade Ti-6A1-4V

with the following coarse- and fine-grain microstructures: L (primary-alpha volume

fraction = 0.88, grain size = 6.0 pm); E (primary-alpha volume fraction = 0.88,

grain size = 12.2 um); and J (primary-alpha volume fraction = 0.47, grain size

= 4.4 pm). Microstructure Xl (primary-alpha volume fraction - 0.88, grain size

= 5.6 jm) was selected for ELI-grade Ti-6AI-4V. The formin~g schedules

were: (1) zero pressure at 907% (1665 0 F) for 4.0 hour followed by 1.10 IMPa (160 psi)

at 907'C (1665*F) for 2.0 hour and (2) zero pressure at 907% (1665'F) for 2.0
hours followed by 1.10 MPa (160 psi) for 2.Shours The times in these schedules do

not include the initial 2.0 hour heating time to temperature, 0.25 hour dwell time

at temperature, and pressurization time at the rate of 0.172 MPa/min (25 psi/min).
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The average strain rates calculated from con1ial-die forming are compared with strain
rates obtained from uniaxial Incremental-strain-rate test data at 9070C (1665 0 F)
in Figures 132 through 135. For all microstructures, good agreement at 9071C

(1665 0 F) is observed between strain rates in biaxial conical-die forming with

strain rates predicted from uniaxial incremertal-strain-rate test data for conical-
die forming times up to one hour. For forming times greater than one hour, strain
rates become significantly reduced with incre'asing forming times. Holding at tempera-
ture to simulate the diffusion bonding cycle reduces the strain-rate compared to

direct forming for all the microstructures.

TABLE 30. EFFECTS OF SUPERPLASTIC STRAIN ON GRAIN GROWTH AT 871 0C
OW(N6(P) IN REGULAR-GRADE TI-6AI.4V (INiTIAL PRIMARY ALPHA
VOLUME FRACTION - 38).

Initial Total
primary time at

alpha grain tomperaturo Strain Grain six@
size

(aum) (min) (pm)

6.0 330 0.0 10.0
0.55 11.5
1.88 11.2*

"Partial recrystallization OP03424e.123

TABLE 31. EFFECTS OF SUPERPLASTIC STRAIN ON GRAIN GROWTH IN
ELI-GRADE Ti-6AI4V.

Initial
primary.

alpha grain Temperature Time Strain Grain size
size
(mm) OC (OF) (min) (1im)

5-6 970 (1665) 330 0 9.5
0.9 9.9
1.2 10.3

5-6 970(1665) 70 0 8.3
O.A. 9.0
1.58 9.9

5-6 871 (1600) 330 0 9.0
0.35 9.7
0.77 10.4

OP03,0249-124
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Figure 132. Strain-rate dependence of flow stress at 907 0 C (1665°F) for regular-grade Ti-AI-4V

determined from cone-forming tests (symbcli) and incremental strain-rate tests (dashed

curve); specimen J, grain sizq - 4.4 pm, volume % primary alpha - 47.
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The largest cone in each of these tests were sectioned into two equal pieces.

One-half of the cone was heated to 907%C (1665°F) in a vacuum to establish the

microstructure at the forming conditions, and it was subsequently quenched in water.

The other half of the cone represents the microstructure obtained by slow cooling

in furnace. The grain sizes at the conclusion of forming are shown for

regular-grade Ti-6A1-4V and ELI-grade TI-6A1-4V in Tables 32 through 35.

Results in these tables are the average of six separate measurements per condition.

The alpha grain size for slow cooling was measured by the linear-intercept method.

The alpha grain size and beta grain size in water-quenched specimens were determined

by measurements of sizes of individual grains along six separate lines drawn on

micrographs. Figures 136 and 137 show typical water-quenched micrographs of

regular-grade Ti-6A1-4V with an initial grain size of 6.0 pm and ELI-grade

Ti-6A1-4V with an initial grain size of 5.5 jim.

The following conclusions can be made from these tests:

1. The grain size remains equiaxed during all of the forming cycles.

2. The most important parameter affecting grain growth is time at temperature.

3. Grain growth was basically the same in normal-textured, regular-grade Ti-6A1-4V and

ELI-grade Ti-6A1-4V.

4. The volume percent of beta phase increases in highly-strained, superplastically-

formed, regular-grade Ti-6A1-4V and ELI-grade Ti-6A1-4V with time at temperature.
The volume fraction alpha-phase measured at the bottom of the cone of water-

quenched specimens for ELI-grade microstructure Xl (88ft, 5.51im) after 0.5 hour

forming cycle at 907%C (16655F) was 0.68 and after 0 psi for two hour plus 160 psi for
2.5 hour forming cycle at 907 0C (1665*F) was 0.55 (Table 35).

5.5 Biaxial Cone-Forming of Basal-Textured and Transverse-Basal-Textured Ti-6A1-4V

Biaxial conical-die forming tests were performed at the slower strain rates at

907% (1665 0 F) using a five-hour, constant-pressure, forming period for basal-

textured and transverse-basal-textured Ti-6A1-4V. The results are shown in

Figure 138. Slow forming rates were observed for the transverse-basal-texture,

which is in agreement with incremental-strain-rate test data. The strain rates

observed for basal-textured and transverse-basal-textured Ti-6A1-4V arc similar

to strain rates of normal-textured regular-grade Ti-6A1-4V having a comparable

grain size (See Figure 128).
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TABLE 32. EFFECTS OF FORMING CYCLES AT 9070 C (16660 F) ON GRAIN GROWTH IN

NORMAL-TEXTURED REGULAR-GRADE Ti4AI4V, PANEL J (GRAIN
SIZE - 4.4 pm, VOLUME % PRIMARY ALPHA - 47).

Alpha pain size Beta Wain size Final alpha
Forming cycle Total stmain, at forming at forming grain size on

e temperature temperature slow cooling
(h) (pm) (pm) (am)

Oh 0 7.2 7.1 7.4

0.5 4.0 9.0 8.3 9.4

1.0 0 6.4 7.3 6.6

1.0 1.17 7.7 7.8 8.6

2.5 0 7.1 6.6 7.8

2.5 2.1 9.8 10.4 10.5

4.25 8.9 8.5 8.4

4.25 2.7 9.8 10.2 10.6

0 MPa, 2.0 + 1.1 MPa, 2.5 0 8.9 6.3 9.3

0 MPa, 2.0 + 1.1 MPa, 2.5 1.8 11.4 7.1 11.9

GPO.34&10-

TABLE 33. EFFECTS OF FORMING CYCLE AT 9070 C (16650 F) ON GRAIN GROWTH IN
NORMAL-TEXTURED REGULAR-GRADE Ti-6AI-4V, PANEL K (GRAIN
SIZE - 6.0 pm, VOLUME % PRIMARY ALPHA - 88).

Alpha grain size Beta grain size Final alpha
Forming cycle Total strain, at forming at forming grain or slow

e temperature temperature forming
(h) (pin) (pm) (pm)

0.5 0 7.2 7.0 10.5

0.5 0.7 8.1 9.4

1.0 0 7.1 7.5 8.3

1.0 0.9 8.4 7.6 9.7

2.5 0 7.1 7.0 8.9

2.5 1.9 8.3 8.2 10.3*

4.25 0 8.6 6.9 10.9

4.25 1.7 9.2 8.7 11.1*

0 MPa, 2.0 + 1.1 MPa, 2.5 0 11.7 9.8 12.1

0 MPa, 2.0 + 1.1 MPa, 2.5 1.4 11.7 7.2 10.3

*Smaller size cone, 30.5 mm (1.2 In.) 0P084o5.1l4
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TABLE 35. EFFECTS OF FORMING CYCLE AT 907°C O1665 F) ON GRAIN GROWTH IN
ELI-GRADE Ti4AI-4V, PANEL X1 (GRAIN SIZE - 5.56 m, VOLUME %
PRIMARY ALPHA - 68).

Alpha grain size meta grain size Final alpha
Forming cycle Total strain, at forming at forming grain or slow

e temperature temperature cooling
(h) (pm) (pm) (pm)

0.5 0 6.2 7.2 7.2

0.5 0.8 7.5 6.8 8.5

1.0 0 6.2 7.8 7.1

1.0 1.3 7.3 8.1 8.6

2.5 0 6.3 7.2 7,9

2.5 2.1 8.3 8.4 10.4

0 MPa, 2.0 + 1.1 MPa, 2.5 0 7.0 7.3 8.1

[MPa, 2.0 + 1.1 MPa, 2.5 1.5 8.9 8.9 9.8

TABLE 34. EFFECTS OF FORMING CYCLE AT 9070 C (14650F) ON GRAIN GROWTH IN
NORMAL-TEXTURED REGULAR-GRADE Ti-6AI4V, PANEL E (GRAIN
SIZE - 12.2 pm, VOLUME % PRIMARY ALPIHA - 88).

Alpha grain size Bete grain size Final alpha
Forming cycle Total strain, at forming at fornMing grain size or

e temperature temperature slow cooling
(h) (prm) (11m) (Am)

0.5 0 8.0 7.7 10.9

0.5 0.30 8.9 8.1 10.5

1.0 0 8.5 9.0 9.7

1.0 0.41 10.1 9.4 10.1

2.5 0 7.6 8.8 10.8

2.5 0.80 10.5 8.9 11.8

4.25 0 10.5 12.0 11.5

4.25 1.3 11.2 11.9 12.8

0 MPa, 2.0 + 1.1 MPa, 2.5 0 10.2 9.8 10.3

0 MPa, 2.0 + 1.1 MPa, 2.5 0.67 11.4 10.9 12.3
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(c) (d)

OP03-0249-217
Figure 136. Photcmicrographs of water-quenched specimens of superplasticaily-formed normal-

textured regular-grade Ti-6A1-4V (initial grain size -6.0 pm, volume % primary
alpha - 88) with a forming temperature of 9070C (1665 0F) for (a) 1.0 h, strain -0,
(b) 1.0 h, strain 0.9, (c) 4.25 h, strain 0, and (d) 4.25 h, strain 1.7.
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(a) (b)

(c) (d)

"-"I

0P03-0249-216

Figure 137. Photomicrographs of water-quenched specimens of superplastically-formed normal-
textured ELI-grade Ti-BAI-4V Cinitial grain size = 5.5 pm, volume % primary alpha
- 88) with a forming temperature of 8700C (1604f)F) for Ca) 0.5 h, strain - 0, Cb) 0.5 h,
strain - 0.8, Cc) 2.5 h, strain - 0, and Cd) 2.5 h, strain a, 2.1.
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Figure 138. Strain-rate dependence of flow stress at 9070 C (1665 0 F) for basal and transverse-basal
texture Ti-6AI-4V determined from cone-forming tests (symbols) and incremental
sMain-rate tests (dashed curves).

Biaxial conical-die forming tests were also made at 870 0C (1600 0 F) for basal-

textured and transverse-basal-textured Ti-6AI-4V at slow strain rates, and the

results are shown in Table 36. From these biaxial forming tests and incremental-

strain-rate test data, it was concluded that texturing (basal-texture and transverse-

basal-texture) had very little adverse effect on the superplastic forming properties

of Ti-6A1-4V.

TABLE 36. COMPARISONS OF SUPERPLASTIC STRAIN RATES AT 8710 C (1600 0 F)
DETERMINFD FROM CONE-FORMING TESTS AND LABORATORY
INCREMENTAL STRAIN-RATE TESTS.

Diam Stres Final Strain StraIn Strain Strain
Alloy of in Forming depth In rite In te from from

microetructure cone one pressure In Gone cone, aone laoa tast ofory
tets,

mm (in.) MPe (1100) Mpe (ale) mm (in.) e ( ("
1

) e

Trensverse-blal 37.7 (1.485) 16.8 (2440) 1.72 (250) 14.1 (0.655) 0.16 2.2 x 10-4 4.3 x 10.5 0.36
texture

Bosal texture 37.3 (1.468) 13.65 (1980) 1.72 (250) 17.2 (0.677) 0.36 3.3 x 10.5 3.0 X 10.5 0.32
31.1 (1.225) 11.3 (1640) 1.72 (260) 10.7 (0.421) 0.11 1.9 X 10-5 2.5 x 10.5 0.19
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5.6 Biaxial Conical-Die Forming of Ti-6AI-4V with Anomalous Microstructure

Conical biaxial forming tests were performed at 870*C (1600°F) and at 907'C (1665°F)

with banded Ti-6A1-4V, blocky alpha Ti-6A1-4V, and elongated alpha Ti-6A1-4V. The

Ti-6AI-4V banded microstructures 0 (Level I) and 01 (Level II) had high forming

rates at 870 0C (1600*F), and 9070 C (1665 0 F). The biaxial cone forming rates are

shown for Ti-6A1-4V banded microstructure 0 (Level I) in Figure 139 along with data
from incremental strain-rate tests. These biaxial forming tests confirm the conclusion

from incremental strain-rate tests that superplasticity in Ti-6A1-4V with banded micro-

structures were controlled by the fine primary alpha phase and were not adversely

tffected by the low level of worked-Widmanstitteti' lpha phase.

The biaxial conical die forming rates at 9070C (1665 0 F) are shown in Figure 140

for Ti-6A1-4V with blocky microstructures N (Level I), and NI (Level II) (described

in Section III). The biaxial forming rates appear to be controlled by the matrix

alpha phase grains, and the larger "blocky" alpha grains for both microstructures

had little influence on superplastic flow properties. The Ti-6AI-4V with "blocky"

alpha microstructures had biaxial forming rates at 907OC (1665 0 F) similar to regular-

grade Ti-6A1-4V microstructureE (0.88a, 12.2iim) (See Figure 125).

Slow biaxial forming rates were observed for elongated alpha inicrostructures.

Forming in the conical die occurred only in the largest cones. The results of

forming at 870 0 C (1600 0 F) and 907*C (1665*F) are shown in TablP 37 and Table 38.
The two levels of elongated alpha demonstrated essentially equivalent forming

stresses In biaxial conical die forming. These rates compare favorably with
incremental strain-rate data for elongated alpha Ti-6AI-4V microstructures.

Both levels of elongated alpha Ti-6AI-4V showed the adverse affects of elongated

alpha grains compared to equtaxed regular grade Ti-6AI-4V.
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TABLE 37. COMPARISONS OF SUPERPLASTIC STRAIN RATES AT 8710 C (16000F)
DETERMINED FROM CONE-FORMING TESTS AND LABORATORY
INCREMENTAL STRAIN-RATE TESTS.

Diem strew Final tralin Strain Strain $rain
Alloy of in depth in rate in rate from from

miaroetruatura cone @one In cone cone, eone laboratory teate laboratory
teats,

mm (in.) MPg (psi) mm fin.) e (4i-) (s.1) e

Elongated alpha, 37.4 (1.474) 17.6 (2550) 25.8 (1.018) 1.1 8.5 x 10.5 6.6 x 10'5 0.85
Level I 31.2 (1.227) 14.7 (2135) 11.9 (0.467) 0.17 2.4 x 10'5 4.6 x 10'5 0.33

Elongated alpha, 37.7 (1.485) 15.5 (2250) 27.6 (1.083) 1.36 9.7 x 10-5 2.0 x 10.5 0.28
Level 17 34.0 (1.34) 13.9 (2020) 14.9 (0.587) 0.50 5.3 x 10.5 1.62 x 10-6 0.15

30.0 (1.18) 12.2 (1770) 10.6 (0.416) 0.11 2.2 x 10.5 1.22 x 10's 0.06

Blocky alpha, 37.3 (1.468) 15.3 (2260) 23.1 (0.910) 0.82 6.3 x 10"4, 8.1 x 10.5 1.05Level i 31.1 (1.225) 11.8 (1710) 10.8 (0.425) 0.12 2.4 x 10`5 5.2 x 10.5 0.41

Block alpha, 37.3 (1.489) 15.6 (2260) 23.1 (0.910) 0.82 6.3 x 10.5 9.8 x 10.5 1.28
Level H 31.5 (1.241) 13.1 (1900) 12.8 (0.605) 0.235 3.0 x 10's 7.4 x 10 . 0,58

25.4 (1.0) 10.4 (1510) 8.89 (0.350) 0.127 2.5 x 10- 5.2 x 10'5 0.41

Banding, Level 1 37.4 (1.474) 15.9 (2310) 28.3 (1.116) 1 55 9.2 x 10-5 1.8 x 10-4 3.03
31.2 (1.227) 13.2 (1910) 16.9 (0.667) 0.68 4.5 x 10"5 1.27 x 10-4 1.64
25.4 (1.0) 10.4 (1510) 10.9 (0.430) 0.29 3.0 x 10'5 8.6 x 10'5 1,1

Banding, Level I" 31.5 (1.241) 13.6 (1965) 17.7 (0.698) 0.635 4.9 x 10.5 7.8 x 10`5 1.01
25.4 (1.0) 10.8 (1560) 10.3 (0.405) 0.24 3.0 x 10.5 5.0 x 10`5 0.40

*Failed in cone 0P03.0249.127

TABLE 38. COMPARISONS OF SUPERPLASTIC STRAIN RATES AT 9070 C (16650 F)
DE.TERMINED FROM CONE-FORMING TESTS AND LABORATORY
INCREMENTAL STRAIN-RATE TESTS.

Diem Strewa Final Strain Strain Strain Strain
Alloy of in depth in rate 1c, rate from from

microstructure cone cone in cone cone, cone laboratory teats labnratory
teasa,

mm (in.) MPa (psi) mm (in.) 6 (e.1) (S-1)

Elongated, 37.7 (1.485) 6.83 (.990) 19.2 (0.757) 0.47 3.0 x 10'5 3.3 x 10'5 0,51
Level I 34.0 (1.34) 6.13 (890) 12.75 (0.502) 0.17 1.4 x 10'5 2.65 x 10'5 0.30

Elongated, 37.3 (1.468) 7.58 (1100) 18.9 (0.743) 0.46 3.0 x 10' 5  4 x 10's 0.61
Level 1I

Blocky alpha, 37.3 (1.4681 6.31 915) 24,0 (0.944) 0.93 5.5 x 10"5 5.3 x 10'5 0.9
Level I 31.5 (1.241) 5.31 (770) 16.9 (0.664) 0.56 3.6 x 10"6 4.1 x 10'5 0,63

25.4 (1.0) 4.21 (610) 11.2 (0.442) 0.33 2.2 x 100 2.9 x 10` 0.43
.5 .5

Block alpha, 37.4 (1.474) 6.90 (1000) 24.05 (0.947) 0.91 5.4 x 10., 5.0 x 10 0,85
Level nI 31.2 (1.227) 5.68 (824) 15.7 (0.617) 0.46 3.0 x 10 3.7 x 10`5 o0e

25.4 (1.0) 4.58 (664) 10.4 (0.410) 0.25 1.8 x 105 2.75 x 105 0.35

Bending, 37.3 (1.468) - 33.3 (1.31)* - - - -
Level I 31.1 (1.225) 6.14 (890) 24.1 (0.950) 1.786 1.0 x 10 7.0 x 10.' 1.26

t 25.4 (1.0) 4.96 (720) 18,3 (0.722) 1.4 7.8 x•1. 4.6 x 10.5 0.83
19.7 (0.777) 3.79 (550) 10.6 (0.416) 0.6 J4 x 10 2.8 x 10.5 0.42

Fai~ed in cone 0o1P0-24e-124
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5.7 Biaxial Conical-Die Forming of Simulated-Coil Ti-6A1-4V

Biaxial conical-die forming tests were performed at 907°C (1665°F) for sifulated-

coil Ti-6AI-4V. Results at high forming rates and short forming times are shown

in Figure 141. The flow stresses in simulated-coil Ti-6AI-4V in biaxial conical-

die forming are comparable with those obtained for regular-grade, Ti-6AI-4V (see

Figures 123 through 125). The flow stresses from incremental-strain'-rate tests on

simulated-coil Ti-6AI-4V were higher than those obtained from regular-grade, Ti-6A1-4V.

The specimens for uniaxial incremental-strain-rate tests were taken from the

longitudinal or rolling direction of the sheet material. These results indicate

that the higher flow stresses observed in incremental-strain-rate tests arise from

the processing procedures used in making simulated-coil-Ti-6A1-4V sheet material.

Biaxial conical-die forming tests at slower strain rates and longer forming times

were made on simulated-coil Ti-6AI-4V at 9070 C (1665 0 F) and 8700C (1600 0 F).

These results are shown in Figures 142 and 143, respectively. The flow stresses

for simulated coil-rolled Ti-6AI-4V obtained by conical-die forming approached the

flow stresses measured by incremental-strain-rate tests as the strain rate decreased.

In contrast, at the longer forming times (5 hour) at 870%C (1600°F) and 907%C (1665*F)

for regular-grade, Ti-6AI-4V, grain growth reduced the coniral-die strain rates

below the incremental-strain-rate test values. It should be pointed out that the

conical dic strain rates were reduced for tht same flow stress at tne slower strain

rates and longer forming times in simulated coil-rolled "i-6A1-4V.

The alpha grain size in the largest cone formed at 9071C (16651F) with forming time

of 5.0 hours of microstructure Sl (primary-alpha volume, fraction = 0.87, grain size =

5.1 pm) was 10 pm. The grain growth in thi3 microstructure of simulated-coil

Ti-6A1-4V was similar to the grain grovwth for microstructure L (primary - alpha volume

fracture = 0.88, grain size = 6.0 um) (See Table 27). The increase in the flow stresses

caused by grain growth during conical-die forming at the longer forming times in
simulated-coil Ti-6AI-4V appears to diminish the differences in the flow stresses between

incremental-strain-rate tests and conical-die forming observed at the higher strain

rates and short forming times.
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Figure 141. Strain-rate dr'pendence of flow stress at 9070C (1665 0 F) of stmulated-coil Ti-6AI-4V
determined from cone-forming tests (symbols) and incremental strain-rate tests
(dashed curves).
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The superplastic-forming testing of simulated-coil Ti-6A1-4V was quite limited,

but the following conclusions can be made: (1) the forming stress in incremental-

strain-rate tests for simulated-coil Ti-6A1-4V is higher than for regular-.grade,

Ti-6A1-4V of equivalent grain size, but there is no increase in

flow stress in conical-die forming tests for simulated-coil Ti-6A1-4V; and (2) the

inc-ease in flow stress in the longitudinal direction observed in incremental-strain-

rate tests compared to flow stresses in conical die forming shown in rigure 141

through 143 for simulated-coil Ti-6W-4V is attributed to the processing of this

material which creates anistropy of flow stresses and adversely affects its

biaxial superplastic behavior,

5.8 Biaxial Coia-DeFrigo iW25

The beta-transus temperature of Ti-WA-2.5V, 9320C (1710 0F) is considerably lower

than -the beta transus for Ti-6AI-4V, 9991C (1830'F). The incremental-strairi-rate

tests of regular-grade Ti-6Al-4V indicated that the ratio of forming temperature

to beta-transus temperAture is critical for determining the superplastic temperature

range, with the ratio of approximately 0.95 being optimum. Using this ratio as a

guide-line a forming temperature of 8177C (1610"F) was selected for superplastic-

forming evaluation of Ti-3A-2.5V. The re~sults of biaxial conical-die forming at high

strain rates and short forming times are shown in Figure 144. Good agreement exizts

between incremental-strain-rate test data and biaxial forming in a conical die.
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Figure 144. Strain-rate dependence of flow stress at 8770 C (1610 0 F) fcr Ti-3AI-2.5V

determined from cohe-forming tests (symbols) and incremental strain-rate tests

(dashad curves).

The effpct of longer forming times and slower strain rates at 935"C (16101") is

3hown in Figure 145. The agreement is not as good because of microstructural

changes, as previously demonstrated for regular-grade Ti-6A!-4V.

One biaxial forming test was made at 841'C (1545°F). Failure occurred in the largest

cone for the fine grain-size material after three hours forming time. The results of

this test are shown in Figure 146. Excelleait agreement is shown between incremental-

strain-rate tests and conical--die forming. Since grain growth is strongly temperature

dependent, good agreemert can be anticipated between incremental-strain-rate tests

and biaxial forming even at slow strain rates and long forming times at the lower

forming temperatures.
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The results obtained from these biaxial forming tests confirm the importance of

the ratio of the forming temperature to the beta-transus temperature for alpha-

beta titanium alloys. The range of the ratio of forming temperature to beta-transus

temperature used in these tests was 0.90 to 0.95, and excellent biaxial superplasticity

was observed in the titanium alloy Ti-3A1-2.5V. This is in good agreement with the

results obtained in regular-grade, Ti-6AI-4V.

5.9 Biaxial Conical-Die Forming of Ti-8Al-lMo-IV

The beta-transus temperature of Ti-BAI-IMo-lV commercial sheet material used in

this program was 1032 0 C (1890 0 F), which is considerably higher than the beta transus

of regular-grade, Ti-6AI-4V, 999*C (1830*F). Using the ratio of

forming temperature to beta-transus temperature for Ti-6AI-4V as a guideline, a

temperature of 9490C (1740*F) was selected for conical-die forming. Biaxial

conical-die forming tests at high, intermediate, and slow strain rates at this

temperature were made for two sheet thicknesses of commercial Ti-8A1-lMo-IV,

1.14 mm (0.045 in.) and 1.27 mm (0.050). The results are shown in Figure 147.

The strain rates for both sheet gauges were similar; apparently, the small amount

of elongated alpha shown in Figure 39 did not Interfere with the superplastic

behavior of the fine-grain bulk material.

The high and intermediate strain rates with relatively short forming times (1 1 hour)

compare favorably with incremental-strain-rate test data. At the slower strain

rates and longer forming times, poor agreement was observed between forming in a

conical die and incremental-strain-rate test data. The ratio of forming temperature

to beta-transus temperature for these tests was 0.94, and the strain rates

are similar to strain rates of regular-grade, Ti-6AI-4V at 907% (1665 0 F),

which has a ratio of 0.95 (see Figure 123).

Alpha grain sizes of slow cooled Ti-8Al-lMo-lV were measured in the largest cones.

Table 39 shows results made with an average of six measurements. The initial grain

size of the commercial sheet was not determined, but from Figure 39 this material

had extremely fine grain size. The grain growth at 949% (17400F) in this super-

plastically-formed, fine-grained, Ti-8A1-lMo-lV sheet was comparable with the grain

198



growth in fine-grained, regular-grade, Ti-6A1-4V superplastically
formed at 9070 C (1665*F), as shown in Table 33. This grain growth accounts
for the increased forming stresses at the lower strain rates and longer forming

times.
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i Figure 147. Strain-rate dependence of flow stress at 949°C (1740°F) for regular-gradeSTi.8A-1Mo-oV d1termined from cone-forming tests (symbols) and incremental

Sstrain-rate tests (dashed curve).

TABLE 39. EFFECT OF SUPERPLASTIC STRAIN ON GRAIN GROWTH OF
COMMERCIAL-GRADE Ti-SAI-1Mo-IV FORMED AT 949°C (1740°F).

Forming time Strain, Alpha grain size
(h) e (pmo)

1 0 6.5

i1 1.8 7.4

t 5 0 7.8

)2

015 1.7 13.0

S~Ol•f.l4td. 125

.,1 9-

Strain rae I s



Conical-die forming tests were made at 9320 C (1710 0F) similar to 949*C (1740*F).
The results are shown in Figure 148. Good superplastic properties were observed at
this temperature similar to results obtained at 9491C (1740*F).

These biaxial forming tests with Ti-8A1-lMo-IV further confirmed that the ratio
of forming temperature to beta-transus temperature is the primary factor for super-
plastic behavior in alpha-beta titanium alloys. Since the superplastic forming
temperatures for Ti-8A1-lMo-IV are higher than for Ti-6AI-4V, the increased flow
stresses caused by grain growth at the longer forming times in Ti-8A1-lMo-lV must
be considered in the forming cycle for this material.
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Figure 148 Strain-rate dependence of flow stress at 9320 C (1710 0 F) for regular-grade
Ti-8AI-1Mo-IV determined from cone-forming tests (symbols) and incremental
strain-rate tests (dashed curve).
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To demonstrate the superplastic forming and diffusion bonding capabilities of

Ti-8A1-Ito-IV, sandwich panels were fabricated. These panels were fabricated by

a Douglas proprietary SPF/DB resistance-welding process. Figure 149 shows sandwich

panels delivered to AFML. The Ti-8AI-lMo-IV was fabricated at 1016 0 C (1760 0 F),

and the Ti-6Al-4V was fabricated at 927*C (1700*F). The rectangular cell arrangement

in these panels is shown in the x-ray photograph shown in Figure 150. Good panels

were produced for both materials.

5.10 Biaxial Conical-Die Forming of Ti-6A1-2Sn-4Zr-2Mo

Because the beta-transus temperature of Ti-6A1-2Sn-4Zr-2Mo sheet, 9930 C (1820aF),

is close to the beta-transus temperature of regular-grade, normal-textured

Ti-6A1-4V, 999-C (1830*F), the same forming parameters developed for regular-grade,

Ti-6A1-4V were used for the forming evaluation of Ti-6A1-2Sn-4Zr-2Mo sheet.

Biaxial conical-die forming was performed at 907 0 C (1665 0 F) and 870 0 C (1600 0 F).

The results for high fotning rates and short forming times are shown in Figure 151.

The biaxial forming stresses measured in this test were similar to those measured

for regular-grade, Ti-6A1-4V of similar grain size (size Figures 123 and 124).
Incremental-strain-rate tests showed higher flow stresses for Ti-6A1-2Sn-4Zr-2Mo

than were observed in biaxial conical-die forming. Biaxial conical-die forming
stresses at slower strain rates and longer forming times are shown in Figure 152.

The biaxial forming stresses are less than the flow stresses obtained by increnental-

strain-rate tests. The increases in the forming stresses were similar to those

observed for regular-grade, normal-textured Ti-6A1-4V (Figures 142 and 143), as was

anticipated from the effects of grain growth on forming stress for regular-grade,

normal-textured Ti-6A1-4V.

One biaxial conical-die forming test was mzde at 8700C (1600 0 F), and failure in
the largest cone occurred after 3.5 hours. These results are shown in Figure 153.

The flow stresses obtained by conical-die forming were only slightly less than those

obtained by incremental-strain-rate tests.

The increase in flow stress found in incremental-strain-rate cycling tests for

Ti-6A1-2Sn-4Zr-2Mo compared to Ti-6AI-4V were not confirmed in the biaxial conical-

die forming tests. The reason for this discrepancy was not fully explored;however,

the time to reach the forming temperature was approximately 30 minutes longer in the

conical die experiments which would permit a higher volume fraction of beta phase to

form in the conical die tests. This would promote a more faborable superplastic

forming condition. Since Ti-6Al 2Sn-4Zr-2Mo has approximately the same beta transus

temperature as regular grade Ti-6AW-4V, the stresses were similar in the

conical die tests for the same strain rate in similar grain size mirrostructure.
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Figure 149. Sandwich panels of Ti-SAI-lMo-IV and Ti4OAI-4V fabricated by superplastic forming/
diffusion bonding.

Figure 150. X-ray photograph of cell arrangement of Ti-SAI-1Mo-1V elloy sandwich panel.
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5.11 Biaxial Conical-Die Forming of Ti-l5V-3Cr-3Sn-3AI

Forming in conical die with Ti-15V-3Cr-3Sn-3Al sheet was initiated at 7600 C
(1400'F) which is close to the beta transus. A forming time of five hours was
used in these tests. The results are shown in Table 40. Forming down into the
cone was limited to the larger cones because of the high stresses required to
form this beta alloy. Although only small strains were accomplished, the

strain rates obtained by conical die forming agreed with incremental strain-rate
tests at equivalent flow stresses for all microstructures.

Additional tests were made with Ti-15V-3Cr-3Sn-3A1 at 802 0 C (14750F), which is
above beta transus for this alloy. These results are shown in Table 41. Again,
only limited forming similar to biaxial forming at 760 0 C (14000F) was achieved
with this material. Failure occurred at low strains (less than 1.0).

A finer initial grain size material would undoubtedly lower the flow stresses at
the forming temperatures used for this study. However, because of the rapid grain
growth in beta alloys at elevated temperatures, and high flow stresses, superplastic
forming of beta alloy Ti-l5V-XCr-3Sn-3Al does not appear to be a practical process.
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5.12 Mechanical Properties of Superplastically Formed Panels

Superplastically biaxially formed pans for the alpha-beta titanium alloys

were made for properties evaluation. Pans with a 89-mm (3.5 In.) depth

and 254-mm (10 in.) diam were formed from selected microitructures for all

alpha-beta titanium alloys studied in this program. A typical pan is shown

in Figure 154. Forming strain rates of 1O"3 sl and 10'4 s-l were used for

each microstructures. The walls of pans were made flat by annealiig at a

temperature of 760C% (500*F), as shown in Fiogure 155. Thickness measurements

were made on pan bottoms at the center, midradius, and edge and on walls of

pans at the top, rmidheight, and bottom. These measurements for each micro-

structure are shown in Appendix D.

Tensile specimens were cut from the walls and the hottoms of superplastic formed
pans. The mechanical properties of normal-textured, regular-grade Ti-6A1-4V and j
ELI-grade Ti-6AW-4V formed at 9070C (1665(r) and 870 0 C (1660%P) are shown in Tables 42
and 43 for as-fabricated and superplaztically formed conditions. 'rhe ductility
measured from the walls of the pan,s were ge~nerally lower than the ductility measured
from the bottoms of the pans. Since there was more taper in the walls of the pan
than in the bottom of the pan as shown by thickness measurements, the mechanical
properties measured from the bottom of the pan were considered to be more reliable;
therefore, these values are more representative of the mechanical properties in the

superplastic formed condition.

Superplastically formed microstructures having a high volume fraction of primary
alpha phase compared to initial properties before forming exhibited only small drops
in the tensile strength and ductiiity for both regular-grade Ti-6AI-4V
microstructures ELI grade Ti-6AI-4V microstý-uctures, For regular-grade Ti-6AI-4V

microstructures A (0.450, 4.40m) and J (0.46a, 4.4un) which have a low primary
alpha phase, a considerable larger drop in the tensile properties compared to initial
properties was observed. Since the superplastic formed pans were slow cooled, the
larger d,-op in tensile properties can be attributed mostly to increasing the volume
fraction of primary alpha-phase in these initially low primary alpha-phase micro-

structures of regular-grade Ti-6A1-4V and ELI grade TI-6A1-4V. The mechanical
properties in a superplastically formed mdteriai of an initially low primary alpha-
phase approach the mechanical properties of a superplastic alloy formed high primary

alpha-phase microstructure of similar grain size. A comparison of mechanical
properties of microstructure E (0.88a, 12.6um) and microstructure A (0.44a, 12 .6um)
in Table 42 best illustrates this fact.
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OP03.0240-221

Figure 154. Superplasticatly-formed 254-mm (10 in.) diem Ti.6A1.4V pan.

OP03-0249-220

Figure 155. Superplastically-formed 254-mm (10 in.) diarm Ti4GAIAV pans sectionsd. for

mechanical property evaluation.
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TABLE 42. COMPARISON OF MECHANICAL PHOPERTIES OF NORMAL-TEXTURED
REGULAR-GRADE Ti.8AI-4V AND ELI-GRADE TI-GAI.4V IN
AS-FABRICATED AND SUPERPLASTICALLY-FORMED CONDITIONS
WITH A SUPERPLASTIC FORMING TEMPERATURE OF 9070 C 06650 F).

Microstructure
k Ultimate

Grain i Location Stiain rate 0.2% of fsat ternsile otal
| size ( yield stress strength elongation

(rm) (%) (i) MPa (ksi) MPa (ksi) i%)

Regular grade

17.6 0.88 L As-fabricated 0.851 (:23 4) 0.909 0131.9) 16.0

P_ As-fabricated 0.634 (120.9) 0.906 (131.4) 12.0

T As-fabricated 0.794 (115.1) 0.875 (126.9) 5.0

T As-fabricated 0.843 (122.3) 0.867 (128.7) 13.5

'.Vail 10-3 0.800 118.0) 0,859 (124.6) 8.0

Wall 10-3 0.778 (1112.9) 0.850 (123.3) 12.2

Bottom 10-3 0.815 (118.2) 0.848 (123.01 6.5

Bo.tomn !0-3 U.837 (121.4) 0.866 (10-5.6) 10.0

bottom 104 0.859 (124.6) 0,910 (132.U) 14.8

Bottom 10-4 0.8,13 (120.8) 0.984 (,29.7) 15.7

12,? 0.88 L As-fabricated
T As fabricated

Wall 10-4 0.797 (115.6) 0.848 (123.0) 8.3
Wall 10-4 0.813 (117'.9) 0.857 (124.3) 8.9

Bottom 10-4 0.888 (128.8) 0.928 (134.6) 10.8
Bottom 10-4 0.833 (120.8) 0.909 (131.8) 15.2

12.6 0.46 L As-fabricated 0.976 (141.6) 1.05 (152.2) 16.1
L As-fabricated 0.923 (133.7) 1.06 (153.5) 17.4

Wall 10-3 0.845 (122.6) 0.879 (127.4) 10.3
Wall 10-3 0.807 (117.0) 0.860 (124.8) 9.6

Bottom 10-3 0.738 (/07.1) 0.803 (116.4) 7.0
Bottom 10-3 0.811 (1-17.6) 0.850 (123.2) 10.0
Bottom 10-4 0.834 (121,0) 0.947 (137.3) 14.0

_ _ Bottom J 10-4 0.863 (125.2) 0.922 (133.7) 11.9

7.7 0.89 L As-fabricated
T As-fabricated

Wall 10-3  0.805 (116.9) 0.778 (122.9) 7.0
Wall 10-3 0.820 (118.9) 0.874 (126.7) 6.6
Wall 10-4 0.786 (114.0) 0.969 (126.0) 8.5
Wall 10-4 0.803 (116.5) 0.880 (127.6) 8.0

Botto)m 10-3 0.845 (122.5) 0.91b (132.7) 9.9
Bottom 10-3 0.655 (124.0) 0.919 (133.3) 11.5
Bottom 10.4 0.856 (124.2) 0.912 (132.2) 143
Bottom 10"4 0.866 (125.6) 1.917 (133.0) 14.1

OP03-0249-262
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TABLE 42. (Continued) COMPARISON OF MECHANICAL PROPERTIES OF NORMAL-
TEXTURED REGULAR4-RADE TI4AI-4V AND ELI-GRADE TI-6A14V
IN AS-FABRICATED AND SUPERPLASTICALLY-FORMED CONDITIONS
WITH A SUPERPLASTIC FORMING TEMPERATURE OF 9070 C (166I°F).

Microstructure
G [c0.2% offset Ultimate TotalGrain / L.9cation $train ratu il s rs tensile e o g to

ize yield t elongation
(Aim) N (%) (,-) MPa (clu) MPa (ksi) (%)

Regular grade

6.0 0.88 L As-fabricated - - 16.4
L As-fabricated - - 17.2

wall 10-3 0.776 (112.5) 0.838 (121.5) 9.0
Wall 10-3 0.803 (116.5) 0.871 (126.3) 9.5
Wall 10-4 0.797 (115.6) 0.855 (124.0) 8.0
Wall 10-4 0.803 (116.5) 0.851 (123.4) 11.2

Bottom 10-3 0.796 (115.4) 0.855 (124.0) 8.3
Bottom 10-3 0,821 (119.1) 0.855 (124.0) 6.4
Bottom 10-4 0.840 (121.8) 0.388 (128.8) 15.7
Bottom 104 0.843 (122.2) 0.883 (128.0) 14.4

4.4 0.47 L As-fabricated 0.923 (133.9) 1.026 (148.8) 17.4
L As-fabricated 0.025 (134.1) 1.011 (146.7) 17.8

Wall 10-4 0.823 (119.4) 0.887 (128.6) 10.9
Wall 10-4 0.792 (114.8) 0.858 (124.5) 10.0

Bottom 10-4 0.843 (122.3) 0.903 (130.9) 15.6
Bottom 10-4 0.865 (125.4) 0.907 (131.5) 14.4

ELI-grade

5.6 0.88 L
Wall 10-3 0.682 ( 98.9) 0.706 (105.3) 7.6
Wall 10-3 0.668 ( 96.6) 0,744 (107.9) 10.1
Wall 10-4 0.660 ( 95.7) 0.734 (106.5) 12.9
Wall 10-4 0.674 ( 97.7) 0.752 (109.1) 12.5

Bottom 10-3 0.747 (108,0) 0.790 (114.6) 14.5
Bottom 10-3 0.765 (111.0) 0.814 (118.0) 15.5
Bottom 10-4 0.739 (107.2) 0.786 (114.0) 13.9
Bottom 10-4 0.739 (107.2) 0.707 (114.1) 16.8

8.9 0.89 L As-fabricated 0.731 (106.1) 0.779 (113.0) 20.3
L As-fabricated 0.731 (106.0) 0.775 (112.4) 21.4

Wall 10-3 0.740 (107.3) 0.783 (113.6) 9.0
Wall 10-3 0.713 (103.4) 0.763 (110.6) 12.9

Bottom 10-3 0.752 (109.0) 0.834 (120.9) 15.6
Bottom 10-3 0.772 (112.1) 0.819 (118.8) 16.8
Bottom 10-4 0.747 (108.0) 0.808 (117.2) 16.9
3ottom 1i-4 0.741 (107.4) 0.798 (115.7) 18.2

8.8 0.46 Bottom 103 0.719 (104.3) 0.764 (110.8) 9.8
Bottom 10.3 0.745 (108.1) 0.772 (111.9) 7.7
Bottom 104 0.743 (107.7) 0.800 (116.0) 14.3
Bottom 10-4 0.743 (107.8) 0.806 (117.0) 19.5
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TABLE 43. PROPERTIES OF~ NORMAL-TEXTURED REGULAR-GRADE Ti4Ai4V AND
ELI-GRADE 714A14V SUPERPLMSTICALLY.FORMED AT 8700C (100 0 ).

Volume ultimate
Grain fraction Lt~nSrl ae0.2% offset tensile Total

size primary LoainSranrt ield stres strength elongation
______(urn) alpha (5-1) M~a (Nei) MPs (kOl (%)

12.2 0.87 Bottom 10- 858 0212~.5) 927 (134.5) 13.0

12.2 0.87 Bottom 10- 867 (125.8) 9120(32.2) 17.1

Regular-grade 6.0 0.88 Bottom 10- 8270(20.0) 8820(27 9) 16.0
TI-GA14V 6.0 0.88 Bottom 10- 8440(22.4) 893 (129.5) 16.2

4.4 0.47 Bottom 10-4  859(024.6) 923(133.8) 15.2

4.4 0.47 Bottom 10-4 872 (126.4). 912 (132.3). 12.5

ELI-grade 5.6 0.88 Bottom 0 753(109.2) 7960(15.4) 16.0
iA4VBottom 10~ 7530(09.2) 814 (118.1) 16.1

OPOM401291

The grain size in regular-grade normal textured Ti-6Al-4V microstructure
L (0.~88a, 6.Ouim), after forming at a strain rate of 10- s- was measured
at the three locations shown for thickness measurements of the bottom of
the pan. An average grain size of lO.5jum was measured at each of the three
locations. This grain growth in a superplastic formed pan agrees with the
grain growth in superplastic conical die forming (See Table 27).
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One superplastic formed pan was made with a basal-texture Ti-6A1-4V panel at

907-C (1665 0 F). The mechanical properties measured from the bottom of the pan are

shown in Table 44. A comparison of the mechanical properties in basal texture

Ti-6A1-4V0,90a, 7.4um) with regular grade normal texture Ti-6A1-4V microstructure

L(O.88a, 6.Oim) in Table 42 showed a similar small drop compared to initial

properties before forming in the tensile properties a1d the ductility of superplastic

formed material. The grain size was measured at the three locations inidcated for

thickness measurements of the bottom of the pan. The average grain size was 11 .lum

at each of three locations. Pole figures of material taken from superplastic formed

bottom of the pan showed a weak texture similar to regular-grade normal texture

Ti-6A1-4V. The superplastic flow stresses, grain gmowth and mechanical properties

in superplastic formed basal-texture Ti-6A1-4V followed closely the results

established for normal texture Ti-6AI-4V of similar grain size.

TABLE 4. COMPARISON OF TENSILE PROPERTIES OF BASAL-TEXTURED Ti4AI4V
IN AS-RECEIVED AND SUPERPLASTICALLY-FORMED CONDITIONS;
SUPERPLASTIC FORMING TEMPERATURE - 9070 C (166OWF).

Initial
microstructure

Ultimate

Grain Volume Location Strain rate Yield strev tensil* Elongation
sin fraction strength

(pm) primary(1) MP@ (ksi) MPa (kai) (%)

7.4 0.9 L As-fabricated 854 (123.8) 922 (133.7) 21.3

7.4 0.9 L As-fabricated 842 (122.1) 910 (132.0) 20.0

7.4 0.9 Bottom 10.4  858 (124.4) 898 (129.9) 17.7

7.4 "0.9 Bottom 10'4 854 (123.8) 887 (128.7) 17.3
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I
One pan was superplastically formed at a strain rate of 10-4 s"1 at 907°C (1665*F)

with a fine grain microstructure of simulated coil Ti-6A1-4V (0.88a, 5.61im).

When the bottom of the pan was sectioned for the fabrication of tensile specimens,

wide local variations were observed in the thickness of the sheet. These thickness

variations are illustrated in Figure 156. These thickness variations existed over

the entire area of the pan. Due to these thickness variations, tensile properties

could not be accurately measured.

The lack of agreement between biaxial conical forming and incremental strain-rate

tests and the thickness variation shown in superplastically formed pans are both

indicate that the superplastic flow stresses in longitudinal and transverse directions

are significantly different in simulated-coil Ti-6A1-4V. These anisotropic properties

are probably related to the processing procedures used in the fabrication of the

simulated coil Ti-6A1-4V.

,Superplastic formed pans were made at 877*C (1510*F) at a strain rate of lO" 4 s-1

with Ti-M3A-2.5V with the finest microstructures Rl (0.87a, 5.60m) and R2 (O. 57 um,

4.3um) and a coarser microstructure R3 (0.87a, lO.20m) of Ti-63Al-2.5V. Tensile

properties measured from as-received and from the bottom of superplastic formed pans

are shown in Table 45. For the fine grain microstructures a small drop compared to

initial properties in tensile properties in superplastic formed material was observed

similar to results for regular grade Ti-6AI-4V and ELI grade Ti-6A1-4V shown in

Table 42. In the larger grain microstructure R3 (0.8 7a, l0.24m), a larger drop in

tensile drop was observed. These results are not consistent with the results obtained

with a regular grade normal texture Ti-6A1-4V microstructure E (0.87a, 12.2um) of similar

grain size (see Table 42)

Superplastic formed pans from selected microstructures of Ti-6A1-2Sn-4Zr-2Mo were

made at 907% (1665°F) at a strain rate of' 10' s 1 . Tensile properties from

as-received and from the bottom of superplastic formed pans are shown in Table 46.

Only a small drop in the tensile properties and the ductility was observed in

superplaStic formed material.

The small decreases in the tensile strength and ductility compared to initial

properties before forming of superplastica-ly formed equiaxed microstructures of

Ti-6AI-4V, Ti-3A1-2.5V and Ti-6A1-2Sn-4Zr-2Mo with large volume fractions of

primary alpha can be attributed to the grain growth observed in these microstructures.
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Figure 156. Photograph showing thickness variation of a cross section of the
bottom of suporplastically-formed simulated-coil TI-SAI-4V.

TABLE 45. COMPARISON OF TENSILE PROPERTIES OF Ti-AI-2.5V SHEET IN
AS-FABRICATED AND SUPERPLASTICALLY FORMED CONDITIONS;
SUPERPLASTIC FORMING TEMPERATURE - 8770C (11810 0F).

Microctructure
-ieto Ultimate"PV Strain rate Yield stress tensile Elongation-.Grain volu or

(Urn) primary (8,1) MWa (ksl) MPe (ksi) M%

81 5.6 0.87 L As-fabricated 496 (72.0) 641 (93.0) 23.3
Ri 5.6 0.87 L As-fabricated 519 (75.3) 648 (94.0) 23.6
R1 5.6 0.87 Bottom 10-4 510 (74.1) 828 (91.1) 19.2
R1 5.6 0.87 Bottom 10.4 500 (72.5) 620 (90.0) 20.6
R2 4.3 0.57 Bottom 10 ~ 511 (74.1) 628 (91.1) 14.9

-4-

R2 4.3 0.57 Bottom 10 500(72.5) 621 (90.0) 19.2
R3 10.2 0.87 L As-fabricated 514 (74.6) 664 (96.3) 20.6
R3 10.2 0.87 L As-fabricated 502 (72.8) 6F2 (94.6) 21.0
R3 10.2 0.87 Bottom 10*4 447 (64.8) 561 (81.4) 10.0

-4×

R3 10.2 0.87 Bottom 10 ~ 456 (66.2) 578 (83.9) 12.0
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TABLE U.COMPARISON OF TENSILE PROPERTIES OF TI4AI.2Sn4Zr.2Mo SHEET IN
AS-RECEIVED AND SUPERPLASTICALLY-FORMED CONDITIONS;
SUPERPLASTIC FORMING TEMPERATURE 9070C 041,115 0F).

Directio Ultimate
pae Gri Volume or Strain rats Ywed surm tensle Elongation

(r) prin-aW" oato We (NOl Mpg (1181) M%

01 3.5 0.9 L As-fabricated 938 (135.A 982 (142.4) 14.9

01 3,5 0.9 L As-fabricated 944 (136.9) 989 (143.5) 14.4

011 3.5 0.9 Bottom i 9250(34.2) 925 (143.1) 12.5

01 3.5 0.9 Bottom 110,4 935 (136.6) 9970(44.6) 11.8

03 8.2 0.86 L As-fabricated 9000(30.5) 9030(30.9) 4.0

013 8.2 0.86 L As-fabricated 909031.t81 9120(32.3) 3.9

03 8.2 0.88 Bottom 10-4 7650(20.9) 870 (126.2) 7.0

03 8.2 0.86 Bottom 10-4  803 (126.5) 822 1129.3) 8.5

Superplastic formed pans with Ti-8A-lMo-lY were formed at 949 0C (l74O0 F) at a

forming rate of 10- s-l and 10- s- . A comparison of mechanical properties

Ti-8A-114-lV in as-received and superplastic fnrmed pans are shown in Table 47.

The mater'ial for tensile specimens for superplastically formed Ti-8Al-lMo--lV was

taken from the bottoms of pans.

TABLE 47. COMPARISON OF MECHANICAL PROPERTIES OF 1.27-mm (0OAS in.)
Ti-SAI-1Mo-1V SHEET IN MILL-ANNEALED AND SUPERPLASTICALLY-
FORMED CONDITIONS; FORMING TEMPERATURE - 949EPC (17400F).

01"tln Stoin rte yeld grasa Ultimate l to
oret~lSri as Yedsrs tensile strengthiEogto

location We1 WAa(sl) MWa (kul) %

L As-received 1050 (152.6) 1130 (183.8) 14.1

L As-iaceived 1070 (155.1) 1120 (162.5) 13.5

Bottom 10, 7600(20.2) 820 (12G.0) 8.5

Bottom iO~ 818 (118.6) 874 (128.8) 7.5

LI 885 (128.4) 954 (138.3) 18.4
Uvistrainedj flange

LI 9090(33.3) 1000 (145.0) 13.2

Bottom 10-4 807 (117.0) 882 (127.9) 10.6

Bottom 10-4 774 (112.2) 850 (123.3) 12.5

L ntrle 885 (125.5) 939 (136.2) 19.4

j flange

L ~ 852 (123.5) 1921 (133.6) 18.6
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The results from Table 47 show a larqe decrease in mechanical properties of

superplastically formed compared with mill-annealed material. The grain growth

at 9490C (1740,F) in Ti-8A1l-Mo-IV (see Table 39) was similar to Ti-6A1-4V at

9070 C (1665 0 F) and would, therefore, not account for such large decreases. Since

mill-annealed Ti-6A'I-lMo-lV has some retained work in its microstructure, additional

tensile specimens were taken from the rim of the panel which had been subjected

to the thermal cycle but had not been strained. These results are also shown

in Table 47. A comparison of tensile properties of superplastic formed pans with

as-received material and material subjected to the thermal cycle showed that the

large drop in tensile properties compared to initial properties in Ti-8Al-lMo-lV

was due to removal of the retained work in commercial mill-annealed sheet.

5.13 Effect of Syperplastic Forming on Damage Tolerant PropErties of Ti-6Al-4V

Notched fatigue properties were measured in selected microstructures of superplastic

formed pans of Ti-6AI-4V. Figure 157 sh3ws a schematic of the notch fatigue

specimen with a Kt of 2.6 used in this program. Notch fatigue specimens were taken

from material from the walls of the pan. The fatigue properties of reqular-

grade Ti-6AI-4V and ELI-grade Ti-6A1-4V from superplastic formed pans are listed in

Table 48. The stress ratio for all of these tests was +0.1. These tests did not

show any appreciable differences in notched fatigue properties in superp'iastic

formed regular-grade Ti-6A1-4V or ELI-grade Ti-6A1-4V as a function

of grain size and forming rate.

101.6 mm (4.0 inches) wide fatigue crack growth panels were fabricated from a

strip taken from the center portion of the bottoms of superplastic formed pans.

Doublers were resistance spot welded to the ends of superplastic formed panels for

gripping in the fatigue machine. Fatigue crack growth measurements were made with

selected microstructures of normal-textured, regular-grade Ti-6AI-4V and ELI-grade

Ti-6AI-4V pans. These tests were made in laboratory air at ambient temperature

with a relative humidity of 45%. Fatigue crack growth measurements were made in

the range of 106 to 4 x lO-4 mm/cycle (4 x 108 to 1.6 x l105 inches/cycle) at a stress
ratio of +0.1.
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OP0S4*40-148

Dimensions In mm

Figure 157. Notch fatigue specimen.

TABLE 48. FATIGUE PROPERTIES OF SUPERPLASTICALLY-FORMED NORMAL-

TEXTURED REGULAR-GRADE Ti-OAI4V AND ELI -GRADE Ti-GAl 4V.

Volume NO Of
Grain fraction Forming rate Max stress kilocycleWize primary for failure

alpha
_______________(,um) W% (6-1) Misa (kll ____

17.6 0.88 10-3 448 (65) 28
17.6 0.88 10-3 379 (55) 36
12.2 0.88 104 379 (55) 61
12.? 0.88 10-4 379(55) 62
12.6 0.46 10-3 448 (65) 40

12.6 0.46 10-3 379 (55) 47
7.7 0.88 10-3  379 (55) 39

Normal-textured regular- 7.7 0.88 ()3 379 (55) 41
grade Ti-6AI-4V 7.7 0,88 10-4 379 (65) 45

7.7 0.88 10-4 379 (55) 52

8.0 0.88 10-3  379 (55) 36
6.0 0.88 10-3 379 (55) 4.8
6.0 0.88 104 379 (55) 33
6.0 0.88 10-4 379 (55) 38
4.4 0.47 10-4 379 (55) 44

1 __________ 4.4 0.47 104 379 (55) 45
F .5 0.88 10-3  379 (55) 50

5.5 0,88 10,3 379 (55) 31
5.5 0.88 10-4 379 (55) 49

ELI-grede 5.5 0.88 10-4 379 (55) 44.
Ti-GAI-4V 8.9 0.88 10-3 379 (55) 51

8.9 0.88 10-3 379 (55) 50
8.9 0.88 104 379 (55) 48
8.9 0.88 10-4 379 (55) 45
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Fatigue crack growth measurements were made from superplastic form, ed pans of regular-
grade Ti-6A1-4V microstructures L(o.88a, 6.0pm) and J(0.47a, 4.4jm) and
ELI-grade microstructures Xl (O.88 (x, 5.5pm). There were insufficient panels in

regular grade Ti-6AI-4V microstructures L (0.88a, 6.O0m) and J (0.47a, 4.4um), and

ELI grade Ti-6A1-4V microstructure XI (0.88a, 5.5om) to make fatigue crack-propagation
measurements in the superplastically formed condition as well as in the as-received condition

therefore, panels were selected in normal-textured, regular-grade Ti-6AW-4V and ELI-
grade Ti-6AI-4V with similar inital microstructures in as-received material as

those used for making superplastic formed pans. These tests were made in laboratory

air at ambient temperature with a relative humidity of 45%. Fatigue crack-growth

measurements were made in the range of 10-6 to 3 x 10-4 m/cycle (4 x 108 to 1 .6 x

lO"5 inches/cycle) at a stress ratio of +0.1. The results are shown in Figures

158 and 159. These results show that the fatigue crack propagation rates in
superplasticalty formed, normal-textured, Ti-6A1-4V are not degraded by superplastic
forming, and that excellent damage-tolerant propei,.ties are retained.
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Stress intensity, AK (ksi v%/i.)

-10-

iE 10-6/

E

z z

SZ Z

lu'

, Fine-grain commercial sheet
1.27 mm (0.05 in.) -19

0 Grain-size - 5.9 p,", volume %
. primary alpha = 62, as-fabricated

A Initial grain size - 4.4 pim, volume
% primary alpha - 47, 10-4 s-

1

forming rate, 5 h forming time

U Initial grain size = 6.0 Jim, volume, 10-7
% primary alpha - 88, 10-

4 r- 1

forming rate, 5 h forming time

10"6

S' , I I I
10 100

Stress intensity, AK (MPa VM-) 0100302481s5

Figure 158. Fatigue-nrack propogatien for normal-textured regular-grade Ti-6AI4V sheet in

as-fabricated and superplastically-formed condition.
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I , I 1 , ,
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Figure 159. Fatigue-crack propagation for normal-textured ELI-grade Ti-6A1-4V in

as-fabricated and suparplastically-formad donditlon.
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SECTION VI

CONSTITUTIVE EQUATION FOR SUPERPLASTIC FORMING

6.1 Time ano Strain Dependence of Flow Stress-Strain Rate Rel&tionship

Comparisons of the strain-rate dependence of flow stress determined from

incremental-strain-rate tests, constant-stress tests, and cone-forming tests
are shown in Figures 160a through 160d. There is excellent agreement between the
data for the three tests at high stresses. At stresses < lOMPa, however, the strain

rates obtained from short-time incremental-strain-rate tests are higher than those

obtained from cone-forming and constant-stress tests, which can be corrected

for grain growth using a constitutive equation of the form

nll 1 (9)ln (d + K1t i T]--

where do is the initial grain size, t is the time, K and n1 are grain-growth
rate constants, and m(t) is the strain-rate sensitivity as a function of time.

Flow-stress/strain-rate characteristics for any condition simulating superplastic

forming can be determined from flow-stress/strain-rate data obtained in incremental-
strain-rate tests if the time (or equivalently, strain) dependence of grain-size

and strain-rate-sensitivity are known.

6.2 Temperature Dependence of Strain Rates of Titanium Alloys

The temperature dependence of the strain rates of alpha-beta and near-alpha

alloys were determined from incremental-strain-rate tests at 800-9ýO0 C (1470-
1740°F) and stresses of 5-50 MPa (0.72-7.2 ksi), and the results c.-e shown in
Figures 161 through 164. The apparent activation energies for the different alloys

are listed in Table 49. The activation energies determined from Figures
161 through 164 should not be used as indicators of the rate-controlling deformation
processes because the strain rates shown in Figures 161 through 164 are not obtained
under steady-state conditions. The steady-state strain rate of regular-grade
Ti-6AI-4V as determined from constant-stress tests at a stress of 8.4 MPa is
plotted in Figure 165. The activation energies at higher stresses agree with the
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o Forming in conical die
a Constant vrv*%

(S) - strain-rete cyclit'. -est (b)

20 Grain size 4 4 Lm. IV 0.47 20

200 6.• 000
10001 1 100 --

6 - 52 - 200 2Grain size 18.2 Am, of 0. 200

(c) id)

20 - 20 - r ~

10 - 2000 I L . 10- ! , ,Ao 2000*

2000 100

57 5

S2 '- 2 Grain size 7.2 Ift 01 0.44

G train rate7.9;Am, 01  0ta n 200t 11 2(00

Figure 160. Comparison of strain-rate dependence of flow stress of Ti-AI-4V d.eermined from
cone-forming test, constant stres test and strain-rate cycling tests; (a) specimen J,
(b) specimen B. (c) specimei, G. and (d) specimen F.
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Temperature (OC)

10*2 960 900 850 o00

&4- 191 k.I/mol.1 [ 0

Volume % prrwmry tk Grain sire (jurn)

* E Be 12.2
0 G 66 7.9
0 .3 45 4.4

io~5  b) SE (b)

VoEume 12.2

45 4.41

.5A - 109 kilmrole

C44 171 kJ/mole

10-4

"Al282 kJ/movo -

0.00080 0.0O T .0008 0.00092

aP0340010i
Figure 161. Temperature deopendeonce of strain rate in regular-grmde TI-tSAI4V;

Ia) a -44.8 MP* (6S WOl and (b) a 10.3 W2P (1.5 kaf.
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Temperolure (0C)

10.2 950 90 860 8I0

6)4• - 456 kJ/move

10"3"3

.S
'228 kJ/moIO

10*4-

Volume % Primary 0 88
Grain size - 5.6 5;m

* a - 6.9 MPg (1.0 ks!)
0 J -34.5 MPR (6 ksl)

1O05 F ... I I - - JI I i
0.00080 0..0084 0.00088 0,00092

•IT (0,') 01003-2-00-1

Figure 162. Tempu'ature dvpand~noe of strain rate in ELI-grade TI-6AI-4V sample X1.

Temperature (°C)

950 900 850 800

Ti-8AI-lMo-1V (1.14 rm)

GA045
0 a - 13.0 MPa (2 ksi)

c 0 = 66.2 MPW (8 ksi)

6 .AH = 532 k.1/mole

10"3

0104 - "I
Ak -38/~mole

0.00080 0.00084 0.00088 0.00092

V/T (k" 1) OPOS245133

Figure '63. Temperwture dependence of strain rate ;n Ti-SAI-lMo-IV.

224

Iz r



Temperature (°C)

10,2 950 900 860 800

4- 479 kjmole

10.3

-H 407 k/mole10"4

Volume % primary a - 57

Grain s;ze - 4.3 pn
- O - 13.8 MP (2 kli)
o " -48.3 MPa (7 ksi)

lO5 I I I I

0.00080 0.00084 0.00008 0.00092

I/T (K")
P0r3424,-104

Figure 164. Temperature dependence of strain rate in Ti-3AI-2.SV sample R2.

TABLE 49. APPARENT ACTIVATION ENERGIES FOR HIGH-TEMPERATURE FLOW
OF TITANIUM ALLOYS.

Apparent
Alloy Stress Temperature activation egargy

(MPa (kst)I (0C) (kJ/mor')

Regular-grade Ti-6AI-4V 45.0 (6.15) 850-910 191-416

ELI-grade Ti-6AI-4V 34.5 (5.0) 880-910 456

Regular-grade Ti-6AI-4V 10.3 (1.5) 850-910 109-282

ELI-grade Ti-6AI-4V 6.9 (1.0) 850-910 228

Ti-3AI-2.5V 48.3 (7.0) 800-875 479

Ti-3AI-2.5V 13.8 (2.0) 800-875 407

Ti-8AI-1Mo-1V 56.2 (8.0) 875-950 532

Ti-8AI-1Mo-1V 13.8 (2.0) 875-960 368

OP034241-13
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10"4  IT

1 -

0.00080 0.00082 0.00084 0.00086

1IT (K 1 )
l0P3424ei$

Figure 165. Temperature dependenc of stead-state strain rate of reqular-grade TI-SAI-4V
at a stress of 8.4 MPa.

activation energy for self diffusion in alpha and beta titanium (Reference 25),

and the lower activation energy observed at a stress of 8.4 MPa (1.2 ksi) indicates

the dominance of grain-boundary diffusion at lower stresses. The trends in

activation energy values are consistent with the different strain-rate sensitivities

observed at low and high stresses.

6.3 Constitutive Equations and Superplasticity Diagrams for Alpha-Beta Titanium Alloys

From the effects on the superplasticity of different metallurgical and testing

variables discussed in previous sections, some important correlations can be made j
which are useful in developing constitutive equations for high-temperature,

slow-strain-rate deformation of titanium alloys. The correlations also are useful

as guidelines for selecting superplastic-forming parameters for alloys with known

properties.

The most important correlation required for designing a superplastic forming

operation is the temperature, strain-rate, and strain (or equivalently, time)
dependence of flow stress, and the most important microstructural variables that

affect these parameters in titanium alloys are grain size and shape, volume

fractions of the phases at the forming temperature, contiguity of alpha, and the

microstructural anomalies. From a practical standpoint, a single constitutive

relation incorporating all microstructural and testing variables is most useful,
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but because of the complexity of the alloy systems and the large number of variables

involved, some approximations are necessary to construct a tractable constitutive

equation.

A phenological expressliam, relating the strain-rate, 1, to flow stress, 0, tinder

steady-state conditions at high temperature can be written in the form (Reference

24),

Gb A , (10)

where

6 = steady-state strain rate,

k = Boltzman constant,

T = temperature,

D = diffusion coefficient,

G = shear modulus,

b = Burgers vector,

d = grain size,
n - stress exponent = (m being the strain-rate sensitivity),

and A and p are constants.

The grain-size exponent, p, can be approximated by unity in the superplastic

region. Since the microstructure continuously changes with time and strain during

superplastic deformation of titanium alloys, the time dependences of grain size,

stress, and strain-rate should be incorporated into Equation (10). If the property
changes are assumed to be mainly due to grain growth, the time dependence of the

flow-stress/strain-rate relationship can be written as

U) MKt0 + K .d)

t DGb 2  - (
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where d0 is the initial grain siae, Pio is the initial strain-rate-sensitivity,

and t is the time. K1 , n1 and K2 are experimentally determined constants. The
grain-size dependence of m can be converted to a time dependence by writing

n1
Kit for d, and Equition (10) then becomes

nl )0+K2K1 (12)•kT (Klt) I/(mo + K2 Kltnl) (2

DGb2

From the results of this study, the best values for the constants in Equation (12)
for Ti-6AI-4V (Specimen I: volume fraction of primary alpha - 0.45 and grain size

- 5-6 um) were determined to be A = 18, K, ;a initial grain size, and K2 = -0.038

(Figures 166 and 167). Since all constants in Equation (12) are experimentally

determined, the variation of !-uperplastic strain-rate with time at any

applied stress can be predicted with accuracy. As an eAample, the interrelationship
between flow stress, strain-rate, and time as calculated from Equation (11) is
plotted in Figure 168.

The interrelationships between strain-rate, grain-size, strain-rate-sensitivity of

flow stress, and test temperature to beta-transus ratio are shown in Figures 169

and 170. In this type of graphical representation, the effects of grain-size and
volume-fractions of constituent phases at temperature are incorporated in the ratio,

T/T, and such diagrams thus are universal for all alpha-beta titanium alloys

having similar two-phase fields at the superplastic temperatures. The diagrams

shown in Figures 169 and 170 were construw.ted from data for three differant alpha-beta

titanium alloys, Ti-6AI-4V, Ti-3A1-2.5V, and Ti-8A1-lMo-lV, with widely varying

beta-transus temperatures. Figures 169 and 1/0 can be used for obtaining super-

plasticity screening parameters and determining the suitability for a particular

superplastic forming operation of a material of known grain size and beta-transus
temperature, and the time dependence of superplastic strain rates of the alloy can

be predicted from the constitutive relation, Equation (11).
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Figure 166. Variation of grain size with' time of regular-grade TI4AI4V annealed at
9070C (16650F)

0.7 1 II -
0.6

Eu

S0.6

0.4 0
0 2 4 6 8 1~~0 1 4 18 2

0.40 2 64 0C at a 10ai rat of 16018 2

229



TITP- 0.905

101 S

240s -

00, 120s

C 3

6 Ss N

11

-1 9-8 -7 -6 -60

In~initial-grain-size x strain-rete (gm-s1I)]

Figure 168. Three-dimensional representation of the Constitutive equation for superplastic
fonnlng of alpha-beta titanium alOlos The su.-foce shown is for T/T13 0.905:
other forming temperatures generate differer-t surfaces.
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Figure 170. Flow stress as a function of stain rate and grain size at different formlng-temnperature/
bete-transus ratios for alpha-beta titanium alloys.
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The results of different laboratory tests discussed in previous sections clearly

indicate that because of the extensive microstructural changes and strain hardening

that occur during superplastic forming of titanium alloys, the complete characteri-

zation of superplastic formability of these alloys requires the strain and time

dependences of flow stress and strain-rate-sensitivity to be determined. This

information can be obtained either by constant-stress tests or" constant strain-rate

tests. Techniques for determining the generalized three-dimensional plots of the

interrelationship between flow stress, strain rate, and strain described in previous

sections should thus be valuable for evaluating the relative superplasticities of

different titanium alloys.
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SECTION VII

SUMMARY AND CONCLUSIONS

The effects of alloy chemistry, grain size, volume fractions of constituent phases,

and anomalous microstructures on the superplasticity parameters at 800-980*C

(1472-17960F) of alpha-beta, near-alpha, and beta titanium alloys were determined.

Ti-6AI-4V was the base material studied in this program. Equiaxed alpha grain

sizes ranging from 4.5 pm to 18o n were produced in weakly textured sheet for regular-

grade,ELI-grade and simulated-coil Ti-GAl-4V. The microstructural variables which

were investigated in Ti-6AI-4V included the volume fraction of primary alpha

phase, basal and transverse-basal texture, and anomalous microstructures (elongated

alpha, banding and blocky alpha).

Equiaxed microstructures werE produced in sheet material for the following alpha-

beta titanium alloys: Ti-3A1-2.5V, Ti-6AI-2Sn-4Zr-2Mo and Ti-8A1-IMo-IV.

A very fine recrystallized beta grain size could not be produced in the beta

alloy Ti-15V-3Cr-3Sn-3Al. The finest equiaxed beta grain size achieved was 32 pm.

The processing procedures for making the desired microstructures for each of the

titanium alloys outlined in Section II were initially developed with laboratory

tests, and subsequently, panels 381 x 381 x 1.52 mm (14 x 14 x .060 inches)

were produced in a production facility using the procedures developed in the laboratory.

Uniax-al incremental-strain-rate tests were used to obtain flow-stress as a function

of strain rate for each microstructure of all titaniuift alloy sheet materials produced

in this program. To show the effects of microstructural changes as a function of

time At temperature on flow stresses, constant stress and constant strain-rate tests

for selected microstructures were conducted. A few flat-ring compression tests were

performed with regular-grade normal-texture Ti-6AI-4V to compare with incremental

strain-rate tests.

A simplified biaxial conical-die forming test was developed for superplastlc gas

forming evaluation of sheet material at elevated temperatures. Biaxial forming

tests were performed for each microstructure of all the titanium alloys studied

in this program. A correlation of the results obtained by biaxial conical-die

forming were made with the results from laboratory uniaxial tests,
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The effects of superplasttc forming on the mechanical and fatigue properties of

selected alpha-beta titanium alloys mticrostructures were determnined by comparison

with properties in the as-received material.

The conclusions from all of the suoerplastic forming tests performed in this

program are:

1. The strain-rate dependence of flow stress and strain-rate sensitivity, m,

determined from short-time strain-rate cycling tests does not completely

describe the superplastic characteristics of alpha-beta titanium alloys because

of mtcrostructural changes with strein and time.

2. The strain and time dependence=. of flow stress and strain rate required to

simulate production superplastic-forming operations can be obtained by

laboratory constant-stress and constant-strain-rate tests. The superplastic

strain rates determined from laboratory constant-stress tests are equal to

the strain rates obtained from biaxial cone-forming tests.

3. The most important microstructural variables affecting superplasticity of

titanium alloys are grain-size, grain shape and volume-fractions of constituent

-• phases at temperature. With increasing grain-size, and elongated grain shape,

the flow stress increases and the strain-rate-sensitivity and necking-resistance

decrease.

4. The flow stress, o, at constant temperature, T, and constant strain rate,

•, of different alpha-beta titanium alloys is uniquely related to grain siz~e,

L, and beta-transus, T8, by a relation of the form

Sln (•.L) €: m (T/TB) (13)

5. Al1 of the alpha-beta titanium alloys studied in this programl which had a

fi.'ie equiaxed grain microstructures showed good SPF properties at T/TB=..

A high forming stress was required for superplastic forming of the beta

alloy Ti-15V-3Cr-3Sn-3Al. The high forming stresses and rapid grain growth

S~in beta alloy Ti-ISV-3Cr-3Sn-3AI appear to make superplastic forming in

-this material impractical.



6. Strain rates obtained in biaxial conical die aqreed with incremental strain-rate

data for short forming times and high strain rates in all alpha-beta titanium

alloys.

7. For slow strain rates and long forming times, grain growth was a major factor

for decreasing strain rate in conical die at a fixed constant stress. The grain

growth resulted in slower strain rates than predicted by incremental strain-rate data.

8. A small drop in tensile properties due grain growth is observed in superplastically

F formed alpha-beta titanium alloys compared to initial properties before forming

with high primary alpha microstructures. No degradation was observed in fatigue

properties of superplastically formed Ti-6AI-4V sheet.

9. A constitutive equation for the stress, time, temperature, and grain-size

dependence of superplastic strain-rate obtained from experimentally determined

constants correctly predicts the magnitude and time dcpendence of strain rate.

10. Three-dimensional plots of the interrelationship between flow stress, strain,

strain rate, strain-rate sensitivity, grain size, and temperature are required

for obtaining superplasticity parameters for alpha-beta titanium alloys.
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APPENDIX A

CONICAL D;E FOR SUPERPLASTIC FORMING

1.0 Analysis of Conical Die

The design of a conical die that would give a constant strain
rate at a fixed constant pressure has been made with the following
assumptions:

1. No plastic forming occurs after material contacts
the surface walls of the die.

2. Constant stress does not exist until the spherical
shape in conical cavity is tangent to the walls of
the die.

A schematic of conical die is shown in Figure 1-A, From
Figure 1-A the following relationships are applicable:

C- " (14)

2..

h W. tar%

1TC2X.') 2ITr R1 15

Area of Hemisphere v= 2-22(5

2-Tr Re- t-ancb
Area of Spherical Zone (h) =2/Tr Xh -~(16)

Aeea of Spherical Section in Cone - - (17)

Initial Area of Material Used for Forming = tR2  (18)

From Volume Equivalents*:

"ti

S*Does not account for metal consuae 4 in corners.
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s sk (20)

Total Conical Surface nE

sin- (21)

Area of Small Cone
Tr -(22)

Area of Truncated Cone (22)

Area ef Spherical Section r 21t-2tan% (From Eq.17)

Volume Equivalents:

2i

=so sn 2 + (tz

F~~t (RZ- rz X + t- 2r-2 t i

Ft 2 = 2_ + 'r+ t (23)

Substitute the expression for t1 from Eq. 19 into Eq. 23.

R2. ~ 2z o; (t2 + t) +~ (24)

Mlultiply by 2 (0 + 'S V5Mj!

240



Thus we have, dividing by t, the result

% + -2Li Mi w o (26)
-L 2 t z

Simpli fying

si(n 2-- je,-=)t jC

2 -

L

Si,~L4~ -(-r)t -(2it -4r± -(-~(t + t) '

r1t 2 - r± - ( X..)t+z.)

"s = -.

esirj'[ (-r-) (t-fJ (27)

Equation 26 can be rewritten as follows:

-_ 

( 2 8 )
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For constant pressure the following relation Applys when
a constant stress is maintained:

+ 
(29)

Equation becomes

2

t

This expresliun can be simplified; consider the denominater

= L ,~)(•..z :g

(3)

03 -+ 2 z-x SThus
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(.t

FIGURE 1-A. SCHEMATIC OF CONICAL DIE

Using equation (29) a plot o - versus R/0 is shown in

Figure 2A. As seen from Figure 2A a small divergence from
linear cone would be required to achieve this condition;
however the assumptions used to make these calculations probably
introduc:e errors equal to greater than those that would be
introduced by using a linear cone. A mean cone angle of
28.50 was selected as being representative for most engineering
appl ications.

2!I
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2.0 RELATIONSHIP BETWEEN DEPTH IN CONE AND STRAIN

Figure 3-A shows a schematic of forming in a conical die.

FIGURE 3-A. FORMING IN CONICAL DIE

The following relationships apply from Figure 3-A:

q M + C-- (31)

tan g '3 -IX- (32)

and

From Eq. 31, one can get an expression q

-L + r (33)
2

The area of hemispherical cone is:

A 21 24 - -(r(
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In tquation 32

2

So that solving for r we obtain:

r.• G :1c~ (35)

Equation 34 can be used to eliminate r in the above equation

_ •.L+ C-C [ -,-J S i-c 2_k

L - c.--- (36)

Taking the derivative

dcý <4 C C-A

ddt (37)

Substituting from Eqijation 28 and Fquation 34

C1L t r ) (38)
-_ r C

Substituting from Equation 35 in Equation 37 we
obtain the relationship

dE-

C 1

-c-L

(39)
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APPENDIX B

POLE FIGURES FOR

Ti-6A1-4V
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Figre 81. (0012) poe figures foe, normal-textured Ti-GAIAV (volume % primary alpha Be8);
(a) grain size -12.2 j ro, (b) groi%= size -7.7 /jm, and Wc grain size SA gm.8 ro
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Figure B2. (0002) pole figures for normalkextuscd Ti-6AI-4V; (a) volume % Primvy alpha 65
ind grain size - 5.8 pm, (b) volume % primary alpha - 47 and grain size - 5.6 Pm,
and (c) volume % primary alpha -47 and grain size - 4.4 pm.
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Figure 3. (002) pole figures of regular-grade Ti-SAI4V "clock. rolled" ut 7040C (11300°F);
(a) rotated 90° each pass, and (b) rotated 450 each pan,
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APPENDIX, C

SUPERPLASTIC CONICAL DIE

FORMING OF TITANIUM ALLOYS
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TABLE C1. SUPERPLASTIC STRAIN RATES AT 9070 C (16650 F) OF NORMAL-TEXTURED
REGULAIA-GRADE TI4AI-4V DETERMINED FROM CONE-FORMING TESTS.

Alloy

microstructure D e Fonal AverageDimtr Frig Stres Time at Final depth $train strain rate
Grain Volume of @one pressure in cone pressure in cone In .one, irin fractioninoe

six* primaery

(M alpha mm (in.) MPa (psi) MPa (psi) (min) mm (in.) e("1)

5.9 0.64 37.44 (1.474) 2.41 (350) 22.31 (3235) 24 29.97 (1.18) 1.96 1.3 x 10"3
31.17 (1.227) 18.41 (2670) 18.92 (0.745) 0.80 6.3 x 104
25.40 (1.0) 14.82 (2150) 13.11 (0.516) 0.53 4.0 x 10-4
20.32 (0.8) 11.72 (1700) 7.47 (0.294) 0.17 2.2 x 10-4

6.0 0.88 27.29 (1.468) 2.41 (350) 22.20 (3220) 24 27.33 (1.076) 1.14 7.6 x 10.4
31.52 (1.241) 18.62 (2700) 18.54 (0.730) 0.73 5.1 X 10-4
25.40(1.0) 1482 (2150) 12.73 (0.501) 0.47 3.6 x 10.4
20.32 (0.8) 11.69 (1695) B.31 (0.327) 0.26 2.8 x 10-4

7.2 0.44 37.72 (1.485) 2.41 (350) 20.99 (3044) 24 20.45 (0.805) 0.66 4.6 x 10.4
34.04 (1.34) 18.86 (2736) 17.78 (0.700) 0.52 3.8 x 10-4
29.97 (1.18) 16.48 (2390) 14.48 (0.570) 0.4 3.4 x 104
26.42 (1.040) 14.48 (2100) 1.19 (0.047) 0.2 2.3 x 10-4

7.7 0.89 37.29 (1.468) 2.41 (350) 20.40 (2958) 24 25.48 (1.003) 1.1 7.6 x 10.4
31.12 (1.225) 16.89 (2450) 15.60 (0.614) 0.47 3.6 x 10-4

25.40(1.0) 13.58 (1970) 11.56 (0.455) 0.36 2.8 x 10-4
19.74 (0.777) 10.34 (1500) 7.26 (0.286) 0.18 2.2 x 10-4

7.9 0.60 37.29 (1.468) 2.41 (350) 20.69 (3000) 25 21.82 (0.859) 0.70 4.7 x 10-4
31.12 (1.225) 16.96 (2460) 15.60 (0.614) 0.40 3.0 x 10-4
25.40 (1.0) 13.79 (2000) 986(0.388) 0.20 2.3 x104
19.56 (0.77) 10.34 (1500) 6.27 (0.247) 0.08 1.5 x 10-4

4.4 0.47 37.72 (1.485) 2.41 (350) 23.03 (3340) 25 31.24 (1.230)* 2.30 1.5 x 10"3
34.04 (1.340) 20.20 (2930) 24.84 (0.978) 1.38 9.2 x 10-4
29.97 (1.18) 17.65 (2560) 19.18 (0.755) 0.89 5.9 x 104
26.42 (1.04) 15.51 (2250) 15.11 (0.595) 0.67 4.6 x 10-4

5.6 0.47 37.44 (1.474) 2.41 (350) 21.93 (3180) 25 26.37 (1.038) 1.2 8.0 x 10-4

31.17 (1.227) 18.89 (2740) 16.69 (0.657) 0.55 4.1 x 10-4

25.40 (1.0) 14.89 (2160) 11.38 (0.448) 0.34 3.0 x 10-4
19.74 (0.777) 11.58 (1680) 6.10 (0.240) 0.06 1.3 x 10-4

12.6 0.88 37.29 (1.468) 2.41 (350) 19.17 (2780) 25 16.43 (0.647) 0.3 2.8 x 10-4
31.52 (1.241) 16.07 (2330) 10.06 (0.396) 0.11 1.85 x 10-4

25.40 (1.0) 7.04 (0.277) None
20.32 (0.8) 5.08 (0.20) None

14.2 0.66 37.72 (1.485) 2.41 (350) 19.31 (2800) 25 17.88 (0.704) 0.38 3.2 x 10-4

34.04 (1.34) 17.38 (2520) 12.73 (0.501) 0.18 2.2 x 10-4
26.42 (1.04) 13.31 (1930) 9.32 (0.367) 0.14 2.0 x 10-4

18.1 0.61M 37.29 (1.468) 2.41 (350) 19.79 (2870) 25 16.36 (0.644) 0.30 2.8 x 10-4

31.52 (1.241) 16.55 (2400) 10.67 (0.420) 0.10 1.8 x 10-4

12.2 0.87 37.2 (1.468) 2.41 (350) 19.17 (2780) 25 18.44 (0.726) 0.45 3.5 x 10-4
31.12 (1.225) 15.86 (2300) 11.43 (0.460) 0.16 2.1 x 10-4
25.40(1.0) 12.74 (1848) 8.64 (0.340) 0.10 1.7 x 10-4

17.6 0.88 37.44 (1.474) 2.41 (350) 19.24 (2790) 25 14.94 (0.588) 0.21 2.3 x 10-4
31.17 (1.227) 16.34 (2370) 9.02 (0.355) 0.014 1.0 x 10-4

*Failure in cone 00O342-2
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-7-
TABLE C2. SUPERPLASTIC STRAIN RATES AT 907°C 1166E 0 F) OF NORMAL-TEXTURED

REGULAR-GRADE TI-GAI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
Smicrostructure AverapDiameter Forming Gtreos Time at Final depth $train Atrain

Gri Volume of cone proewure in conse preaure in cone In sase, In cn
f faction

lpham mm (in.) MPa (psi) We (peil (hI mm (in.) e("1)

5.9 0.64 37.36 (1.471) 0.76(110) 6.90(1000) 5 25.40(1.0) 1.014 6.0 x 10.6

31.17 (1.227) 6.79 (840) 14.12 (0.556) 0.33 2.2 x 10.5

25.40(1.0) 4.62 (670) 12.19 (0.48) 0.40 2.5 x 10^5

20.32 (0.8) 3.45 (500) 7.37 (0.29) 0.18 1.5 x 10*5

6.0 0.88 37.29 (1.468) 0.76 (110) 6.96 (1010) 5 23.83 (0.338) 0.84 5.1 x 10.5

31.52 (1.241) 5.52 (800) 12.75 (0.502) 0.22 1.7 x 105

25.40(1.0) 4.62 (670) 9.86 (0.388) 0.19 1.5 x 10*5
20.32(0.8) 3.79 (550) 7.49 (0.2951 0.17 1.4 x 10'5

7.7 0.89 37.72 (1.485) 0.76 (110) 6.45 (935) 5 23.32 (0.91C) 0.79 4.7 x 10*5
34.04 (1.34) 5.58 (810) 17.27 (0.680) 0.53 3.3 x 10.5

29.97 (1.19) 6.07 (735) 13.67 (0.638) 0.34 2.2 x 10 5

26.42 (1.04) 4.45 (6451 13.11 (M).616) 0.45 3.0 x 10.5

7.2 0.44 37.29 (1.468) 0.76(110) 6.31 (915) 5 19.69 (0.775) 0.50 3.2 x 10.5
31.12 (1.225) 5.24 (760) 12.32 (0.485) 0.20 1.6 x 10.
25.40(1.0) 4.21 M 11) 9.88 (0.389) 0.20 1.6 x 10.5

19.74 (0.777) 3.21 (4W6) 5.89 (0.•32) 0.06 1.0 Y 10.5

5.6 0.47 37.29 (1.468) 0.76 (110) 6.62 (WYJ 3 24.64 (0.970) 1.03 7.3 x 10.5

31.52 (1.241) 5.55 (Sr..) 14.50 (0.571) 0.34 2.2 x 10.5

25.40(1.0) 4.41 (k .3) 11.46 (0.451) 0.33 2.2 x 10.5

20.32 (0.8) None 5.38 (0.212) None None

4.4 0.47 37.44 (0.474) 0.76 (110) 6.90 (1000) 5 25.98 (1.023) 1.09 6.5 x 10.5

31.17 (1.227) 5.69 (825) 14.12 (0.556) 0.32 2.1 x 10's

25.40(1.0) 4,55 (660) 12.22 (0.481) 0.4 2.5 x 10.5

101.76 (0.77) 3.45 (500) 7.04 (0.277) 0.15 1.3 x 10.5

14.2 0.66 37.72 (1.485) 0.76(110) 7.65 (1110) 5 23.04 (0.907) 0.76 4.7 x 10.5

34.04 (1.34) 6.90 (1000) 16.00 (0.630) 0.36 2.3 x 10"s

29.97 (1.18) 6.21 (900) 12.40 (0.488) 0.21 1.6 x 10.5

26.42 (1.040) 5.31 (770) 12.40 (0.488) 0.37 2.4 x 10.5

12.2 0.87 37.29 (1.468) 0.97(140) 7.93 (1150) 5 23.50 (0.925) 0.82 5.5x 10"o
31.12 (1.225) 6.55 (950) 14.22 (0.560) 0.34 2.1 x 10"5

25.40 (1.0) 5.31 (770) 12.04 (0.474) 0.36 3.0 x 105
19.74 (0.777) 4.00(580) 6.50 (0.256) 0.1 1.2 x 10-5

18.1 0.66 37.29 (1.468) 0.97 (140) 8.27 (1200) 5 17.91 (0.705) 0.38 2.7 x 10.5
31.52 (1.241) 6.62(960) 9.91 (0.390) 0.08 1.1 x 10,5
25.40(1.0) 5.24 (760) 833 (0.328) 0.03 10.5

17.6 0.88 37.44 (1.474) 0.97 (140) 7.79 (1130) 5 16.26 (0.640) 0.28 2.0 x I0-5
31.17 (1.227) 6.45 (935) 9.83 (0.387) 0.06 10"5
25.40(1.0) 5.24 (760) 7.95 (0.313) 0.06 1.0 x 10,5

12.6 0.88 37.29 (1.468) 0.76 (110) 6.96(1010) 5 12.80 (0.504) 0.12 1.2 x 10.5

31.12 (1.225) 5,79 (840) 9.19 (0.362) 0.016 10.5
25.40 (1.0) 3.79 (576) 7.54 (0.297) 0.04 10"s
19.74 (0.777) 4.29 (0.169) None

7.9 0.60 37.54 (1.478) 0.76(110) 6.27 (910) 5 22.23 (0.875) 0.76 4.7 x 10.5
33.53 (1.32) 5.52 (800) 16.09 (0.594) 0.33 2.2 x 10.5
29.97 (1.18) 4.93 (715) 12.22 (0.481) 0.23 1.7 x 10.5

26.42 (1.04) 4.31 (625) 12.01 (0.473) 0.34 2.2 x 10"5
oPo254.4-e



TABLE C3. SUPERPLASTIC STRAIN RATES AT 870°C (15980 F) OF NORMAL-TEXTURED

REGULAR-GRADE Ti-AI4V DETERMINED FROM CONE-FORMING TESTS.

Allay
microtructure Averag

S Oeimetew Forming Streo Time at Fine; depth swain Aeln rate

Volume of cone pressure in cone pressure in cone in cone, In one
Grain fraction e

(1&n) pha mm (in.) MPa (plil MPs (psi) (hI mm (in.) (s1)

5.9 0.64 37.44 (1.474) 1.72 (250) 15.93 (2310) 5 30.99 (1.22°) 2.36 1.3 x 104

31.17 (1.227) 13.10 (1900) 21.54 (0.8481 1.6 1.94 x 10-5

25.40(1.0) 10.55 (1530) 14.94 (0.588) 0.73 5.1 x 10-5

19.56 (0.77) 8.00 (1160` 8.92 (0.351) 0.3 2.1 x 10-5

7.7 0.89 37.29 (1.468) 1.72 (250) 14.55 (2110) 5 29.67 (1.168) 1.94 1., x 10-4

31.12 (1.225) 12.07 (1750) 21.26 (0.837) 1.1 7.0 x 10-5

25.40(1.0) 9.72 (1410) 14.68 (0.578) 0.69 5. x 10-5

20.32 (0.8) 7.65 (1110) 8.03 (0.316) 0.23 2.6 x 10-5

7.2 0.44 37.72 (1.485) 1.72 (250) 17.24 (2500) 5 28.55 (1.124) 1.56 9.2 x 10-5

34.04 (1.34) 13.17 (1910) 21-16 (0.833) 0.89 6.5 x 1U5

29.97 (1.18) 11.79 (1710) 16.41 (0.646) 0.59 4.5 x 10-5

25.78 (1.015) 10.07 (1460) 14.27 (0.562) 0.108 1.9 x 10'5

6.0 0.88 37.29 (1.468) 1.72 (250) 15.86 (2300) 5 29.34 (1.155) 1.8 1.05 x 10-4

31.52 (1.241) 13.31 (1930) 17.91 (0.705) 0.65 4.8 x 10'5

25.40 (1.0) 10.62 (1540) 12.57 (0.495) 0.48 3.9 x 10-5

20.32 (0.8) 8.34 (1210) 9.27 (0.365) 0.37 3.4 x 10"5

18.1 0.66 37.44 (1.474) 2.24 (325) 10.42 (2671) 5 29.18 (1.149) 1.8 1.05 x 10-
4

31.17 (1.227 15.17 i2200) 14.94 (0.588) 0.41 3.6 x 10.5

25.40(1.0) 12.20 (1770) 10.82 (0.426) 0.29 3.0 x 10-5

19.56 (0.77) 9.24 (1340) 6.22 (0.245) 0.03

17.6 0.88 37.72 (1.485) 2.24 (325) 18.41 (2670) 5 25.07 (0.987) 1.01 6.5 x 10-5

34.04 (1.340) 16.69 (2420) 16.64 (0.655) 0.42 3.6 x 10-5

29.97 (1.18) 14.58 (2115) 13.23 (0.521) 0.32 3.1 x 10-5

26.42 (1.04) 12.82 (1860) 11.28 (0.444) 0.26 2.8 x 10.5

14.1 0.66 37.29 (1.468) 2.24 (325) 17.79 (2580) 5 24.71 (0.973) 1.01 6.5 x 10.5

31.12 (1.225) 14.69 (2130) 13.87 (0.546) 0.32 3.1 x 10.5

25.40(1.0) 11.86 (1720) 10.36 (0.408) 0.21 2.6 x 10-5

19.74 (0.777) 9.00(1305) 6.60 (0.260) 0.11 1.9 x 10-5

12.2 0.87 37.29 (1.468) 2.24 (325) 17.99 (2580) 5 29.92 (1.178) 2.0 1.15 x 10-4

31.52 (1.241) 14.89 (2160) 17.86 (0.703) 0.68 4.8 x 10-5

25.40(1.0) 11.86 (1720) 12.19 (0.480) 0.42 3.6 x 10-5

20.32 (0.8) 9.31 (1350) 9.02 (0.355) 0.11 1.9 x 10,
5

4.4 0.47 37.72 (1.485) 1.72 (250) 16.07 (2330) 5 31.24 (1.23) 2.3 1.3 x 10-4

34.04 (1.34) 14.41 (2090) 25.78 (1.015) 1.6 9.4 x 10-5

29.97 (1.18) 12.62 (1830) 21.54 (0.848) 1.3 7.9 x 10.5

26.42 (1.040) 10.89 (1580) 10.95 (0.746; 0.43 3.7 x 10-5

5.6 0.47 37.29 (1.468) 1.72 (250) 15.31 (2220) 5 31.24 (1.123) 1.5 8.9 x 10.5

31.52 (1.241) 12.62 (1830) 20.50 (0.807) 0.97 6.3 . 10.6

25.40 (1.0) 10.07 (1460) 15.15 (0.597) 0.64 4.7 x 10-5

20.32 (0.8) 7.93 (1150) 9.98 (0.393) 0.47 3.9 x 10-5

7.9 0.60 37.29 (1,468) 1.72 (250) 14.13 (2050) & 28.37 (1.117) 1.6 9.4 x 10-4

31.12 (1.225) 11.24 (1630) i7 20 0.677) 0.64 4.7 x 10-4

25,40 (1.0) 9.45 (1370) 13.341 (0.525) 0.64 4.3 x 10-4

12.6 0.88 37.44 (1.474) 1.72 (250) 13.72 (1990) 5 21.06 (0.829) 0.63 4.7 x 10'4

31.17 (1.227) 11.31 (0640) 12.65 (0.498) 0.24 2.8 x 10-4

25.40 (1.0) 9.10 (1320) 9.09 (0.358) 0.15 2,2 x 10-4

*Failure in cone OlP04-6r2
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TABLE C4, SUPERPLASTIC STRAIN RATES AT 9070 C (1665°F) OF ELI-GRADE
TI-4AI4V DETERMINED FROM CONE-FORMING TESTS.

AlloyI;,microstructure Avm'o !,m ,, Diamutew Forming Stress Time at Final depth troin stArata

Volure of oone preuaure i,0 cone wmessur in cone in one. In coneGrain fraction e_size primary

(51m) mm (in.) MPg (psi) MPa (psi) (h) mm (in.) (8"1)

8.9 038 37.47 (1.475) 0.56(80) 4.14 (600) 5 25.04 (0.989) 1 75 6.3 x 10-5
31.17 (1.227) 3.41 (415) 15.60 (0.614) 0.48 3.0 x 10-5
25.40 (1.0) 2.74 (397) 12.70 (0.502) 0.48 3.6 x 10.5
19.76 (0.770) 2,08 (301) 7.57 (0.296) 0.22 1.6 x 105

4.5 0.47 37.72 (1.485) 0.55 (80) 4.39 (636) 5 262 (0.044) 1.26 7.5 x 10.5
34.04 (1.34) 3A8 (563) 19.94 (0.785) 0.76 4.6 x 10-5
25.91 (1.020•) 2.98 (432) 13.26 (0.522) 0.69 4.4 x 10-5

8.9 0J39 37.29 (1.468) 0155 (80) 4.62 (655) 5 25.20 (0.992) 125 7.7 x 10-5
31.12 (1,226) 3.73 (541) 15.65 (0.616) 0.4"7 3.0 x 10-5

S25.40 (1.0) 3.01 (436) 13.23 (0,521) 0.54 4.1 x 10-5
S19.74 (0.777) 2°29 (332) 7.11 (0.280) 0.16 1.2 x 10-5

!'8. 0.46 37.29 (1.468) 0.55 (80) 4.51 (654) 6 20.57 (01110) 0.6 4.5 x 10-5

31.52 (1.241) 3.77 (547) 10.92 (0.430) 0.11 1.0 x 10-5
26.40 (1.0) 3.00 (435) 8.43 (0.332) 0.095 1.0 x 10-5
20.32 (08) 2.35(341) 6.60 (0.260) 0.093 006 x 10.5
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TABLE C5. SUPERPLASTIC STRAIN RATE AT 9070C 11665°F) OF ELI-GRADE
TI4AI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
microstructure AverageDmraetu' j Forming Strom Time at Final depth Simi strin rate

Grain Volume of cone premure In cone preasre in cone in one, in coneGrai fractionsize

tow primary mm (in.) Ma (psi) Mpa (p•i) (mlin) mm (in.) (g1)
alpha

5.5 0288 37.29 (.468) 2.07 (300) 15.47 (2244) 25 29.39 (1.137) 1.46 9.7 x 10-4

34.04 (1.34) 13.76 (1996) 23.67 (0.932) 1.12 7.5 x 10-4
29.97 (1.18) 12.11 (1757) 18.72 (0.737) 0.76 5.05 x 10-4

26.91 (1.020) 10.51 (1524) 17.09 (0.673) 0.7 4.7 x 104

4.5 0.47 37.44 (1.474) 2.07 (300) 16.46 (2390 25 30.05 (1.183) 1.59 1.05 x 10.3
31.17 (1.227) 13.58 (1970) 22.02 (01967) 1.16 7.7 x 10-4
25.40 (1.0) 10.92 (1584) 15,14 (0.596) 0152 5.5 x 10-4
19.56 (0.77) 8.00(1160) 9.27 (0.366) 0.43 2.9 x 104

8.9 0.89 37.29 :1.468) 2.07 (300) 15.93 (2466) 25 268.5 (1.010) 0.99 6.7 x 10-4
25.40(1.0) 14.19 (2068) 14.22 (0.560) 0.63 4.2 x 10-4
20.32 (0.8) 8.86 (1286) 8.36 (0,329! 0.43 2.9 x 104

8.2 0.46 37.29 (1.418) 2.07 (300) 16.16 123d4) 25 24.13 (0.9W0) 0116 5.7 x 10-4
31.12 (1.225) 13.35 (1938) 16.64 (0.665) 0.54 3.6 x 104
25.40 (1.0) 10.76 (1560) 12.42 (0.489) 0.41 2.7 x 10-4
19.74 (0.777) 8.18 (1186) 7.70 (0.303) 0.33 2.2 x 104
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TABLE C6. SUPERPLASTIC STRAIN RATES AT 870C (1600 0 F) OF ELI-GRADE
TI4AI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
microstructura Diameter Forming Strom Time at ['inal depth strain Awvrae.

Grain Volume of cone pressure in cone pasture in cone in cone, srain raw
fraction in two

(m) mary mm (in.) WAa (psi) MPG (psi) (min) mm (in.) e(a")

5.5 0.88 37.72 (1.485) 2.41 (350) 18.20 (2640) 30 24.86 (0.971) 0.98 5.0 x 10-4
34.04 (1.34) 16.41 (2380) 21.39 (0242) 0185 5.2 x 10.4
29.97 (1.18) 14.31 (2075) 16.97 (0.668) 0.66 4.0 x 10-4
25.91 (1.020) 12.24 (1775) 13.21 (0.520) 0.52 3.2 x 10-4

4.b 0.4 37.44 (1.474) 2.41 (350) 19.24 (2790) 30 23.37 (0.920 0.83 5.1 x 10-4
31.17 (1.227) 15.86 (2300) 16.94 (0.667) 0.60 3.7 x 10'4
25.40 (1.0) 12.74 (1848) 12.57 (0.495) 0.48 3.0 x 10'4
19.56 (0.77) 9.58 (1390) 6.63 (0.261) 0.18 1.2 x 10-4

8.9 089 37.29 (1.468) 2.41 (350) 19.93 (2890) 30 22.07 (0.869) 0.73 4.5 x 10-4
31.52 (1.241) 16.75 (2430) 16.03 (0.631) 0.48 3.0 x 10-4
25.40 (1.0) 13.31 (1930) 9.04 (0.356) 0.14 1.0 x 104

20.32 (0.8) 10.48 (15201 7.14 (0.281) 0.15 1.0 x 10-4

8.8 0.46 37.29 (1.4681 2.41 (350) 19.17 (2780) 30 18.95 (0.746) 0.48 3.0 x 10-4
31.12 (1.225) 15.79 (2290) 13.79 (0.543) 0.32 2.0 x 10.4
25.40 (1.0) 12.76 (1850) 9.04 (0.356) 0.15 1.0 x

2 W59



TABLE C7. SUPERPLASTIC STRAIN RATES AT 870*C (IMOOF) OF ELI-GRADE
Ti4AI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
,ncotutr AverageDmiarotructure Ollmeter Forming Stress Time ai Final depth Otrain strain fe

Gin Volume of cone pressere in cone pressure in cone in c In coneGrain fraction
size primary
(/an) alpha mm (in.) MPG (psi) MPe (psi) (h) mm (in.) e"1)

8.8 0.46 37.29 (1,468) 0.76(110) 6.00(870) 5 18.24 (0.718) 0.41 3.1 x 10-5
31.12 (1,225) 4.96 (720W 1.4' (0.447) 0.18 2.1 x 10-5
25.40(1.0) 4.00 (580) 8.74 (0.344) 0.12 1 x 10-.5

3.04 (441)

5.5 0.88 37.44 (1.474) 0.76(110) 5.69 (825) 5 23.90 (0.941) 0.91 5.5 x 10.o
31.17 (1.227) 4.69(680) 17.53 (0.690) 0.65 4,3 x 10-5
25.40 (1.0) 3.79 (550) 12.04 (0.474) 0.42 3.2 x 10-5
20.32 (0.8) 2.96 (430) 7.49 (0.295) 0.18 2.1 x 10C5

4.5 0.47 37.29 (1.468) 0.76(110) 6.00(870) ry 22.81 (0298) 0.77 4.9 x 10-5
31.52 (1.241) 5.03 (730) 16.18 (0.637) 0.50 3.6 x 10.5
25.40 (1.0) 4.00 (580) 10.77 (0.424) 0.31 2.7 x 10-5
20.32 (0.8) 3.14 (455) 7.62 (0.300) 0.19 2.2 x 10-5

8.9 0.89 37.72 (1.485) 0.76(910) 627 (910) 5 23.11 (0,91) 0.80 5.0 x 10.5
34.04 (1.34) 5.65 (820) 17.17S. (0.700) 0.52 3.7 x 10-6
29.97 (1.18) 4.93 (715) 13.72 (0.540) 0.39 3.0 x 10.5

GPO-24e.231
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TABLE CO. SUPERPLASTIC STRAIN RATES AT 9070 C (166OWF) OF NORMAL-TEXTURED
ELI-GRADE Ti4AI-4V (GRAIN SIZE - 5.5 urm, VOLUME % PRIMARY ALPHA - 0.88)
DETERMINED FROM CONE-FORMING TESTS.

Diameter Forming Stress Soak Forming Final depth Strain Strain rate
of cone pressure in cone time time in cone in cone, in cone

mm (;n.) Wo (psi) Mpg (psi) (hW (h) mm (in.) E (OF1)

38.10 (.5) 1.10(160) 8.48 (1230) 0.0 0.5 20.32 (0.800) 0.53 2.9 x 10.

34.29 (1.35) 7.58(1100) 16.66 (0.656) 0.425 2.5 x 104

30.48 (1.2) 6.69 (970) 13.00 (0.512) 0.289 2,1 x 10-
4

25.40 (1.0) 5.52(800) 10.21 (0.402) 0,263 1.8 x 10

38.10(1.5) 1.10(160) 8.48 (1230) 0.0 1.0 25.02 (0.985) 0.967 2.7 x 10-4

34.29 (1.345) 7.58(1100) 19.89 (0,783) 0.712 2.0 x 10.4

30.48 (1.2) 6.69 (970) 16.33 (0.643) 0.575 1.8 x 10-4

25.40 (1.0) 5.48 (795) 12.98 (0.511) 0.538 1.6 x 10-4

38.10(1.5) '1.10 (160) 8.48 (1230) 0.0 2.5 Failed - -

34.29 (1.350) 7.58 (1100) 26.54 (1.045) 1.8 2.0 x 10.4

30.48 (1.2) 6.69 (970) 23.55 (0.927) 1.8 2.0 x 10-4

25.40(1.0) 5.48 (795) 17.63 (0.694) 1.3 1.5 x 10-4

38.10(1.5) 2.0 2.5 Failed - -

34.29 (1.35) 1.10 (160) 7.58(1100) 23.37 (0.920) 1.2 1.4 x 10

30.48 (1.2) 6.69 (970) 20.57 (0.810) 1.1 1.3 x 10-4

25.40(1.0) 5.48 (795) 15.42 (0.607) 0.866 1.0 x 10-

38.10(1.5) 1.10(160) 8.48(1230) 4.0 2.0 25.48 (1.003) 1.0 1.4 x 10-
4

30.48 (1.2) 6.69 (970) 19.69 (0.775) 0.98 1.4 x 10.4

OP03-0249.241
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TABLE C9. SUPERPLASTIC STRAIN RAMhS AT 9017'C (16060F) OF NORMAL-TEXTURED
REGULAR-GRADE Ti-AI4V (GRAIN SIZE - 6.0 pm, VOLUME % PRIMARY
ALPHA = - DETERMINED FROM CONE-FORMING TESTS.

Diamneter Forming Strom Soak Forming Final depth Strain Strain rate
of cone pressurf ncn ie tm in cone In cone , 1 in cone
mm (in.) WIN (psi) Avg (psi) lh) hIN mm i n) (0

36.1001.5) 1.100(60) 10.55 (1530) 0.0 0.5 17.91 (0.705) 0.39 2.9 x 10-4

34.29 (1.35) 9.310(350) 14.22 (0.560) 0.25 2.3 :x1o.
30.480(.2) 8.270(200) 12.52 (0.493) 0.24 2.2x
25.4001.0) 6.76(980) 9.65 (0.380) 0.18 2.0 x le~

38.10(1.5) 1.10(160) 10.55 (1530) 0.0 1.0 21.64 (0.852) 0.613 2.0 x10-4

34.29 (1.35) 9.310(350) 18.03 (0.710) 0.52 1.8 x 1-

30.4811.2) 8.27 (1.200) 14.61 (0.575) 0.40 1.4 x 10-4

25.40(0.0) 6.76 (980) 10.08 (0.397) 0.22 1.0 x 1Oe

38.10(1.5) 1.10(160) 10.55 (1530) 0.0 2.5 29.62 (1.166) 1.6 1.9 x 10-4

30.480(.2) 8.27 (1200) 20.32 (0.800) 1.045 1.25 xc0-

30.48(1.2) 1.10(160) 8.270(200) 0.0 4.25 22.23 (0.875) 1.4 1.0 x 1-

38. 13 ' 1.5) 1.1(, (16) 10.55 (1530) 2.0 2.5 26.16 (1.03) *i.06 1.5 x 1-

30.48(1.2) 8.270(200) 18.42 (0.725) 0.78 1.0 x 1-

MA.O (1.5) 1.10(160) 10.55 (1530) 4.0 2.0 24.7710.9751 0.90 11 3x10-4

34.29 (1.35) 9.31 (1350) 17.45 (0.687) 0.47 7.4 x 10-5
30.48(1.2) 8.270(200) 15.93 (0.627) 0.52 8.4 x 10 .

25.4001.0) j ______ 6.76 W98) 11.38 (0.448i 0.34 5.9 x 102
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TABLE CIO. SUPERPLASTIC STRAIN RATES AT S070 C (OW NF) OF NORMAL-TEXTURED
REGULAR-GRADE TI-AI4V (GRAIN SIZE u 12.2 pm, VOLUME % PRIMARY
ALPHA - 87) DETERMINED FROM CONE-FORMING TESTS.

Diamfete Forming Stresm oalk Forming Final depth Ultuuin Strain rate
of cone Preswre in cone time time in cone In oons, in cone
mm (in.) We (psi) MPe (fp) (h) (h) mm (in.) e ("1)

3810 (1.5) 1.10(160) 8.96 (1300) 0.0 1 13.29 (0.523) 0.115 7.1 x 10's

38.10 (1.6) 1.10(160) 8.96 (1300) 0.0 2.5 19,76 (0.778) 0.50 7.2 x 10.5

34.29 (1.361 8.07 (1170) 14.15 (0.567) 0.24 3.8 x 10-
30.48 (1.2) 7.07 (1C25) 11.38 (0.448) 0.17 2.3 x 105
26.40 (1.0) 5.83 (845) 10.03 (0.395) 0.23 4.4 x 105

38.10(1,5) 1.10(160) 8.96 (1300) 0.0 4.25 24.87 (0.979) 0.97 7.3 x 10.5
34.29 (1.35) 8.07 (1170) 17.81 (0.701) 0.50 4.0 x 10 5

30.48 (1.2) 7.07 (1025) 13.69 (0.539) 0.34 2.45 x I.5
25.40 (1.0) 5.83 (845) 12.32 (0.485) 0.44 4.0 x 1C"

38.10(1.5) 1.10(160) 8.96 (1300) 2.0 2.5 17.78 (0.700) 0.37 7.1 x 10.5

38.10(1.5) 1.10(160) 8.96(1300) 4.0 2.0 17.58 (0.692) 0.35 5.1 x 10's

34.29 (1.35) 8.07 (1170) 11.79 (0.464 0.10 1.6 x 10.
30.48 01.2) 7.07 (1025) 9.53 (0.375) 0.066 9.6 x 1035
25.40 (1.0) 5.83 (845) 8.86 (0.349) 0.13 3.1 x 105

01003424544W
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TABS.E Cll. SI,"iRPLASTIC STRAIN RATES AT 907C (l66OW=) OF NORMAL TEXTURED
FtEOULAR-GRADE TI-GAI4V (GRAIN SIZE -44 rMni, VOLUME % PRIMARY
ALPHA a 47) DETERMINED FROM CONE-FORMING TESTS.

Diameote Forming Stres Soak Forming I Finai depth Strun Strain rate
of olei pressure in cone time time in cone in cone,, in conr
mm (in.) We (psi) MPe (psi) (hW (hW mm (in.) e (g-1)

38.10 (1.5) 1.10(160) 10.34 (1500) 0.0 0.5 17.96 (0.707) 0.393 2.8 x 10"
30.48 (1.2) 8.27 (1200) 12.75 (0.502) 0.26 2.3 x 1-4

38.10 (1.6) 1.10(160) 10.34 (1500) 0.0 1.0 23.88 (0.940) 0.867 2.7 x 10`4

30.48 (1.2) 8.27 (1200t 16.13 (0.635) 0.537 1.8 x 104

38.100(.5) 1.10(160) 10.34 (1500) 0.0 2.5 30.20 (1.189) 1.896 2.2 x le
34.29 (1.35) 9.34 (1350) 23.62 (0.930) 1.135 1.35 x 104
30.48 (1.20) 8.27 (1200) 19.48(0.767) 0.9194 1.1 x 10.4
24.50 (1.0) 6 76 (9801 15.49 (0.j10) 0.827 1.1 x 10'4

38.10(1.5) 1.10(160) 10.34 (1500) 0.0 4.25 31.67 (1.2471 2.44 1.7 x 10-

34.29 (1.35) 9.31 (1350) 28.02 (1.103) 2.24 1.55 x 10.4

30.48 (1.2) 8.27 (1200) 23.65 (0.931) 1.78 1.2 x 10-4

25.40 (1.0) 6.76 (980) 19.71 (0.776) 1.85 1.3 x 10e

38.10(1.5) 1.10(160) 10.34 (1500) 2.0 2.5 28.25 (1.125) 1.51 1.76 x 1G"4

34.29 (1.35) 9.31 (1350) 22.99 (0.905) 1.04 1.2 x 10-4

30.48 (1.2) 8.27 (1200) 18.62 (0.733) 0.808 9.6 x 10.5

25.40(1.0) 6.76 (980) 14.73 (0.580) 0.716 8.9 x 10.5

38.10(1.5) 1.10 (160) 10.34 (1500) 4.0 2.0 25.91 (1.02) 1.096 1.5 x 10-4

34.29 (0.35) 9.31 (1350) 17.91 (0.705) 0.51 7.8 x 10.5

30.48 (1.2) 8.27 (1200) 14.99 (0590) 0.43 6.6 x 10.5

25.40 (1.0) 6.76 (980) 12.62 (0.497) 0.46 7.4 x 10.5
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TABLE C12. SJPERPLASTIC STRAIN-RATES AT 9490 C (17400 F) OF TI-SAI-1Mo-IV
DETERMINED FROM CONE-FORMING TESTS.

Panel Diameter Forming Street Time ax Final depth Strain Strain rate
thickness of cone pressaure in cone pressure in cone in cone. in oonm
mm (In.) mm (in.) MPa (psi) MPe (psi) (Ifi") mm Iin.) E (- 1)

1.27 (0.050) 37.29 (1.468) 2.07 (300) 24.65 (3575) 18 30.07 (1.184) 1.79 1.67 x 10-3
37.72 (1.485) 2.,J7 (300) 24.96 (3620) 29.9i; (1.179) 1.61 1.5 x 10-3

34.04 (1.340) 2.07 (300) 22.41 (3250) 18.64 (0.734) 0.57 F.3 x 10 4

31.12 (1.225) 2.07 (300) 19.31 (2800) 14.60 (0.575) 0.41 3.9 x 104

25.91 (1.020) 2.07 (300) 16.89 (2450) 12.96 (0.510.) 0.55 5.0 x 10-4
25.4 (1.000) 2.07 (300) 16.55 (2400) 12.75 (0.502) 0.46 4.2 x 10-4
19.74 (0.777) 2.07 (300) 12.69 (1840) 6.3 (0.248) 0.1 1.4 x 10-4

1.14 (0.045) 37.44 (1.474) 2.07 (300) 24.75 (3590) 18 21.21 (0.835) 0.41 3.9 x 10A4
37.29 (1.408) 207 (300) 24.65 (3575) 23.06 (0.908) 0.63 5.8 x 10-4

31,16 (1.227) 2.07 (300) 19.31 (2800) 14.6 (0.575) 0.36 3.4 x 10-4
25.4 (1.000) 2.07 (300) 16.55 (2400) 12.75 (0.502) 0.46 4,2 x 10A

19.56 (0.770) 2.07 (300) 12.55 (1820) 6.77 (0.265) 0.117 1.6 x 10-4

OP03.0240.24S
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TABLE C13. SUPERPLASTIC STRAIN RATES AT 9490 C (174 0 0F) OF Ti.8AI-1Mo-IV
DETERMINED FROM CONE-FORMING TESTS.

Panel Diameter Forming Strom Time at Final depth Strain Strain rate
thickness of cone pressure in cone pressure in cone in cone, in cone
mm (in.) mm (in.) MPg (psi) MPa (psi) (h) mm (in.) E (W11)

1.14 (0.045) 37.72 (1.485)" 1.55 (225) 18.68 (2710) 1 30.28 (1.192)" 1.8 5 x 10.4
34.04 (1.34) 1.55 (225) 16.82 (2440) 19.05 (0.750) 0.61 2 x 10-4
29.97 (1.18) 1.55 (22S) 14.75 (2140) 14.40 (0.567) 0.43 1.7 x 10-4

25.91 (1.02) 1.55 (225) 12.62 (1830) 14.07 (0.554) 0.54 1.8 x 10-4

1.27 (0.050) 37.29 (1.468) 1.55 (225) 18.48 (2680) 1 29.82 (1.174)* 1.77 4.9 x 10-4

31.12 (1.225) 1.55 (225) 15.31 (2220) 14.02 (0.552) 0.32 1.3 x 10-4

25.4 (1.0) 1.55 (225) 12.82 (1860) 12.60 (0.496) 0.43 1.7 x 10-4

20.32 (0.8) 1.55 (225) 9.79 (1420) 8.763 (0.345) 0.29 1.2 x 10-4

*Cone failure. GP030249-246
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TABLE C14o SUPERPLASTIC STRAIN RATES AT 9490 C (1740 0 F) OF Ti.8AI-lMo-1V
DETERMINED FROM CONE-FORMING TESTS.

Panel Dinmeter Forming Stress Time at Final depth Strain Srain rate
thickness of cone pressure in cone T in con S in cone, in cone

mm (in.) mm (in.) MPa (psi) MPa (psi) (min) mm (in.) IF

1.14 (0.045) 37.29 (1,468) 0.86 (125) 10.27 (1490) 5 29.39 (1.157) 1.52 8.9 x 10.5

31.52 (1.241) 0.86 (125) 8.62 (1250) 18.29 (0.720) 0.65 4.1 x 10.5
25.4 (1.0) 0.86 (125) 6.9 (1000) 11.94 (0.470) 0.37 2.4 x 10^5
20.32 (0.8) 8.79 (0.346) 0.3 2.0 x 10, 5

1.27 (0.050) 37.72 (1.485) 0.86 (125) 10.41 (1510) 5 29.64 11.167) 1.71 1.0 x 10-4

34.04 01.34) 0.86 (125) 9.34 (1355) 22.50 (0.886) 0.97 6.0 x 10,5
29.97 (1.18) 0.86(125) 8.20(1190) 16.76 (0.660) 0.63 4.1 x 10-5

25.91 (1.020) 0.86 (125) 7.24 (1050) 14.48 (0.570) 0.56 3.5 x 10,5

OPO3-240.247
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TABLE C15. SUPERPLASTIC STRAIN RATES AT 9320C (1710 0 F) OF Ti.8AI-1Mo-1V
DETERMINED FROM CONE-FORMING TESTS.

Panel Diameter Forming Stress Time at Final depth Mtrain Strain rate

thickness of cone pressure in cone pressure in cope in cone, in cone

mm (in.) mm (in.) MPa (psi) epa (psi) (min) mm (in.) E (0i)

1.14 (0.045) 37.29 (1.468) 241 (350) 28.75 (4170) 50 30.17 (1.188) 1.84 6.1 x 10-4

31.52 (1.241) 2.41 (350) 24 13 (3500) 16.76 (0.660) 0.525 2.2 x 10-4

25.4 (1.0) 2.41 (350) 19.30 (2800) 10.74 (0.423) 0.285 1.2 x 10.

20.32 (0.8) 2.41 (350) 15.24 (2210) 8.636 (0.340) 0.26 1.0 x 10-4

1.27 (0.050) 37.72 (1.485) 2.41 (350) 29.1 (4220) 50 30.28 (1.192) 1.75" 5.8 x 10-4

34.04 (1.340) 2.41 (350) 26.13 (3790) 24.13 (0.950) 1.2 4 x 10-4

29.97 (1.181 2.41 (350) 22.89 (3320) 15.04 (0.592) 0.445 1.85 x 10-4

25.91 (1.020) 2.41 (350) 19.72 (2860) 11.18 (0.440) 0.3 1.25 x 10-
4

*Failure in cone GP03.0249.248
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TABLE C16. SUPERPLASTIC STRAIN RATES AT 9320 C (1710°F) OF Ti-8AI1Mo-IV
DETERMINED FROM CONE-FORMING TESTS.

Panel Diameter Forming Street Tinge at Final depth Strain Strain rate

thickneas of cone pressure in cone pressure in cone in cone, in cone

mm (In.) mm (in.) MPg (psi) MPa (psi) (hW mm (in.) e (s"1)

1.14 (0.045) 37.29 (1.468) 0.96(140) 11.51 (1670) 5 24.48 (0.964C 0.936 5.9 x 10"5
31.12 (1.225) 0.96 (140) 9.51 (1380) 13.84 (0.545) 0.31 3 x 10-5
25.4 (1.0) 0.96 (140) 8.07 (1170) 12.72 (0.501) 0.47 3.5 x 10-5
19.57 (0.77) 0.96 (140) 5.86 (850) 6.86 (0.270) 0.12 1.9 x 10.5

1.27 (0.050) 37.72 (1.485) 0.96 (140) 11.65 (1690) 5 6.86 (1.037) 1.135 7.6 x 105

34.04 (1.34) 0.96 (140) 10.51 (1525) 18.64 (0.734) 0.565 4.3 x 10.5
29.97 (1.18) 0.96(140) 9.17 (1330) 14.88 (0.596) 0.43 3.3 x 10'5

25.91 (1.020) 0.96 (140) 7.86 (1140) 13.59 (0.535) 0.53 4.2 x 105_

OP03.0249,249
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TABLE C17. SUPERPLASTIC STRAIN RATES AT 9070C (16050 F) OF TI-6AI.2Sn.4Zr-2Mo
DETERMINED FROM CONE.FORMING TESTS.

Alloy
microstmucture Average

Diameter Forming Streos Time at Final depth mrln strain rate
Grain Volume of cons preuure in cone pI, kre in corw in cone, In

fractionsize prmy
(Ja) Primary mm (in.) MPa (psi) MPa (psi) (h) mm (in.) e(li)

alpha

3.5 0.90 38.10 (1.50) 0.69(100) 7.58 (1100) 5 33.02 (1.300) 3.27 1.8 x 10-4
34.29 (1.35) 6.83 (990) 22.17 (0.873) 0.930 5.16 x 10-.
30.48 (1.20) 6.37 (830) 20.90 (0.826) 1.114 6.6 x 10-5
25.40 (1 .00) 5.00 (725) 16.95 (0.628) 0.846 4.7 x 10-6

3.4 0.66 38.10 (1,50) 0.69(100) 7.58(1100) 5 32.36 (1.274) 2.7 .5 x 10-4

34.29 (1.35) 6.3 (990) 19.76 (0.778) 0.674 3.7 x 10-5
30.48 (1.20) 6.07 (880) 18.80 10.740) 0.740 4.44 x 10-5
25.40 (1.00) 5.00 (725) 16.18 (0.637) 0.884 4.9 x 10-5

9.2 0.86 38.10 (1.50) 0.69 (100) 758 (1100) 5 32.66(1.288) 2.88 1.6 x 10-4
34.29 (1.35) 6.83 (990) 24.89 (0.960) 1.33 7.4 x 10-5
30.48 (1.20) 6.07 (880) 22.05 (0.868) 1.71 8.1 X 10.5
26.40 (1.00) 5.00 (725) 19.61 (0.772) 1.72 9.6 x 10-5

8.8 0.55 38.10 (1.50) 0.69 (100) 7.58 (1100) 5 29.59 (1.165) 1.684 9.36 x 10-6

34.29 (1.36) 6.83 (990) 25.48 (1.003) 1.44 8 x 10-5
30.48 (1.20) 6.07 (880) 21.34 (0.840) 1.21 6.7 x 10.5
25.40 (1.UO) 5.00 (725) 13.08 (0.515) 0.47 2.6 x 10.5
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TABLE C18, SUPERPLASTIC STRAIN RATES AT 9070 C (10665F) OF Ti4AI-2Sn-4Zr--2o
DETERMINED FROM CONE-FORMING TESTS.

Alloy
microstructure Average, .. imatW Forming Stres Time at Final depth 81trn strain ram

Grain Volume of cone presrnre in cone preisure in cone In gone, In cow-fraction
to") pha mm (in.) MPW (psi) MPg (pai) (min) mm (in.) e(a")

3.5 0.90 38.10 (1.50) 2.07 (300) 22.95 (3320) 19 31.47 (1,239) 1.696) 1.48 x 10"3

34.29 (1.35) 20.55 (2980) 24.18 (0.952) 1.200 1.05 x 10"3

30.48 (1.20) 18.13 (2630) 21.84 (0.84) 0.394 6.27 x 10"5

25.40 (1.00) 15.00 (2176) 13.77 (0.542) 0.548 4.8 x 10

3.4 0.86 38.10 (1.50) 2.07 (300) 22.95 (3320) 19 33.10 (1.303) 2.428 2.1 x 10.3

34.29 (1.35) 20.55 (2980) 23.88 (0.940) 1.193 140. x 10"4

30.48 (1.20) 18.13 (2630) 21.34 (0.840) 1.220 1.07 x 10".3

25.40 (1.00) 15.00 (2175) 13.84 (0.545) 0.532 4.67 x 10-

8.2 0.86 38.10 (1.50 2.07 (300) 22.95 (3320) 19 19.35 (0.752) 0.2379 4.718 x 10-4

34.29 (1.35) 20.55 (2980) 17.22 (0.678) 0.538 4.3 x 10-4
30.48 (1,20) 18.13 (2630) 13.92 (0.5491 0.456 4 x 101

S25.40 01.00) 15.00 (2175) 10.46 (0.412) 0.340 3 x le.

-8.8 0.55 38,10 (1L601 2.07 (300) 22.95 (3320) 19 13.21 (0.520) 0.232 2.0 x 104
34.29 (1.351 20.55 (2980) 12.52 10.493) 0.25 2.2 x 10"-4

30.48(1.20 1b.13 (2630) 9.65 (0.380) 0.100 8.8 x 10.
25.40 (1.00) 15.00 (2175) 8.53 (0.336) 0.226 1.9 x 10
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TABLE CIO. SUPERPLASTIC STRAIN RATES AT 8700C (16000 F) OF TI?,A1-2Sn4Zr-2Mo
DETERMINED FROM CONE-FORMING TESTS.

Alloy
microetructure Averag

Diameter Forming Straw Time at Final depth Strain sain few
Grain Volume of cone presur. In cane pressure in con. In ome, in conefractionsize, prim"•
Ipro) alpha mm 4in.) Mpg (psi) MPa (psi) (hW mm (in.) 6 (s)

3.5 0.90 38.10 (1.50) Failed
34.29 (1.35) 1.72 (250) 17.10 (2480) 3.5 28.30 (1.114) 2.28 1.81 x 10C
30.48 (1.20) 15.17 (2200) 25.96 (1.022) 2.99 2.37 x 10"-

25.40 (1.00) 18.96 (0.746) 1,50 1.19 x 10

3.4 0.65 38.10 (1.50) Failed
34.29 (1.35) 1.72 (250) 17.10 (2480) 3.5 27.61 (1.067) 2.19 1.74 x 10-4

30.48 (1.20) 15.17 (2200) 23.39 (0.921) 1.66 1.32 x 10"-

25.40 (1.00) 12.48 (1810) 19.23 (0.757) 1.59 1.26 x 10-4

8.2 0.86 38.10 (1.50) 1.72(250) 19.10 (2770) 3.5 27.79 (1.094! 1.516 1.20 x 10.4

34.29 (1.35) 17.10 (2480) 21.77 (0.857) 0.882 7.00 x .,5

30.48 (1.20) 15.12 (2193) 15.37 (0.F06) 0.480 3.80 x 10.5

25.40 (1.00) 12.49 (1811) 9.14 (0.360) 0.11 8.8 x 10.

8.8 0.55 38.10 (1.50) 1.72(250) 19.10 (2770) 3.5 23.11 (0.910) 0.77 6.1 x 10.5

34.29 (1.35) 17.10 (2480) 15.14(0.596) 0.31 2.5 x 10.5

30.48 (1.20) 15.12 (2193) 10.34 (0.407)) 0.119 9.6 x 10-6

25.40 (1.00) 12.40 (1811) 9.70 (0.382) 0.154 1.2 x 10.5
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TABLE C20. SUPERPLASTIC STRAIN RATES AT 8770C (1610 0 F) OF Ti-3AI-2.5V
DETERMINED FROM CONE.FORMING TESTS.

Alloy
microstructure Avetaericametew Forming Streas Time at Final depth Strlin strain rafe

Volume of cone pressure in cone pressure in cone in cone. nGrain frnctoon

t fraction
primery mm (In.) MWe (psi) MPa (psi) (h) mm (in.) F("1)
alpha

5.6 0.87 38.10 (1.6) 0.62 (90) 6.90(1000) 5 29.44 (1.159) 1.7 9.5 x 10-5
34.29 (1.35) 6.21 (900) 22.86 (0.900) 1.06 6.0 x 10.6
30.48 (1.20) 5.52 (800) 17.48 (0.688) 0.722 4.0 x 10S
25.40 (1.0) 4.55 (660) 12.57 (0.495) 0.52 2.9 x 10-5

4.3 0.57 38.10 (1.5) 0.62 (M0) 6.90 (1000) 5 24.38 (0.W60) 0.95 5.3 x 10.6
34.29 (1.35) 6.21 (900) 17.91 (0.706) 0.82 4.1 x 10-5
30.48 (1.2) 5.52 (800) 14.15 (0.557) 0.43 2.4 x 10-5
25.40(1.0) 4.55(660) 11.63 (0.458) 0.40 2.2 x 10-6

10.2 0.87 38.10 (1.5) 0.62 (90) 6.90(1000) 5 22.00 (0668) 0.735 4.0 x 10'
34.29 (1.35) 6.21 (900) 15.75 (0.620) 0.41 2.3 x 10'5
30.48 (1.2) 5.52 (800) 14.15 (0.557) 0.42 2.4 x 106
25.40 (1.0) 4.55 (660) 8.51 (0.335) 0.095 5 x 10-6

8.6 0.58 38.10 (1.5) 0.62 (90) 690 (1000) 5 24.18 (0.952) 0.97 5.4 x 10.6
34.29 (1.35) 6.21 (900) 15,32 (0.603) 0.43 2.4 x 10.6

3048 (1.2) 5.52(800) 12.27 (0.483) 0.29 1.6 x 10.6
25.40(1.0) 4.55(660) 9.35 (0.368) 0.246 1.4 x 10.5

SOPO0E2.n55
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TABLE C21. SUPERPLASTIC STRAIN RATES AT 8410 C OF Ti-3AI-2.5V
DETERMINED FROM CONE-FORMING TESTS.

Alloy
microstructure Avewage

Diameter Forming Stress Time at Final depth Strain strain rate
Grain Volume of cone prossure in cone preseure in cone In cone, in cons
size tractionsie primary

(Am) a rp mm (in.) MPa (psi) MPa (psi) (h) mm (in.) e (s"1)

5.6 0.87 38.10(1.5) Failed
34.29 (1.35) 1.52 (220) 15.17 (2200) 3 20.27 (0.798) 0.82 7.6x 10.5
30.48 (1.2) 13.45 (1950) 14.71 (0.579) 0.50 4.6 x 10-5
25.40 (1.0) 11.10 (1610) 12.12 (0.477) 0.49 4.5 x 106

4.3 0.57 38.10 (1.5) 1.52 (220) 16.96 (2460) 3 28.65 (1.128) 1.56 1.4 x 104

34.29 (1.35) 15.17 (2200) 20.70 (0.815) 0.86 8.0 x 10-6
30.48 (1.20) 13.46 01950) 14.86 (0.585) 0.51 4.7 x 10-6
25.40 (1.0) 11.10 (1610) 11.53 (0.454) 0.44 4.1 x 105

10.2 0.87 38.10 (1.5) 1.52 (220) 16.96 (2460) 3 22.00 (0.866) 0,76? 7.1 x 10-5
34.29 (1.35) 15.17 (2200) 14.48 (0.570) 0.39 3.6 x 10-5

30.48(1.2) 13.45 (1950) 11.05 (0.435) 0.29 2.7 x 10-5
25.40(1.0) 11.10 (16101 8.48 (0.334) 0.22 2.0 x 10-5

8.6 0.58 38.10 (1.5) 1.52 (220) 16.96 (2460) 3 24.36 (0.959) 0.99 9.2 x 10-6
34.29 (1.35) 15.17 (2200) 13.72 (0.540) 0.35 3.2 x 10-6

30.48 (1.2) 13.45 (1950) 12.07 (0.475) 0.34 3.2 x 10-5
25.40(1.0) 11.10 (1610) 8.97 (0.353) 0.25 2.3 x 10-5

oPoa.024e•s
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TABLE C22. SUPERPLASTIC STRAIN RATES AT 8770 C (1610 0 F) OF Ti.3AI-2.5V
DETERMINED FROM CONE-FORMING TESTS.

Alloy
Smicr ostru ctu r e A v er ageliDiamete Forming Strom Time at Final depth Strain strain

r Volume of teo pre--ro In cons prevauur in cone in cone,i in eGrain frictionIncs

IPM) Printery mm (in.) We (psi) MPe (psi) (min) mm (On.) E (el1

5.6 0.87 38.10 (1.5) 1.72 (250) 19.31 (2800) 30 31.45 (1.238) 2.3 1.3 x 10-3

34.29 (1.36) 17.24 (2500) 21.34 (0.840) 0.93 5.2 x 10-4
30.48 (1.2) 15,31 (2220) 16.51 (0.650) 0.66 3.7 x 104
25.40(1.0) 12.62 (1830) 11.94 (0.47) 0.48 2.7 x 10-4

4.3 0.67 39.10 (11., 1.72 (250) 19.31 (2800) 30 26.04 (1.0251 1.12 6.2 x 10.4
34.29 (1.36) 17.24 (2500) 21.06 (0.829) 0.90 5.0 x 10-4
30.48 (1.2) 15.31 (2220) 16.03 (0.631) 0.61 3.4 x 10-4
25.40(1.0) 12.62 (1830) 11.71 (0.461) 0.46 2.5 x 10-4

10.2 027 38.10(1.5) 1.72(250) 10.31 (2800) 30 17.40 (0.685) 0.44 2A x 10-4
34.29 (1.35) 17.24 (2500) 12.90 (0.506) 0.29 1.6 x 10-4

30.48(1.2) 15.31 (2220) 10.92 (0.430) 0.29 1.6 x 10-4

25.40(1.0) 12.62 (1830) 7.39 (0.291) 0.146 8.0 x 10-s

8.6 0.58 38.10(1.5) 1.72 (250) 19.31 (2800) 30 20.50 (0.807) 0.55 3.1 x 10-4
34.29 (1.35) 17.24 (2500) 13.92 (0.648) 0.36 2 x 10-4
30.418(1.2) 15.31 (2220) 11.43 (0.460) 0.322 1.8 x 10-4

25.40 (1.0) 12.62 (1830) 9.68 (0.377) 0.3 1.7 x 10-4

OPO3.040-23
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TABLE C23. SUPERPLASTIC STRAIN RATES AT S800 C 016B 00F) OF SIMULATED.
COIL Ti6AI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
microetructure Average

Diesmeter Formine Stress Time at Final depth 9rin strain rate
Grain Volume of oome preasre in cone pleasure in cone in cne, in cone
size f frctionio) rim%6
()a.ph mm (in.) MPd (pSI) MPA (psi) (h) mm (in.) e (2"1)

3.6 0.90 38.10 (1.5) 1.72(250) 14,48 (2100) 5 31.12 (1.225) 2.36 1.3 x 104
34.29 (1.35) 12.96 (1880) 1825 (0.742) 0.76 4.2 x 10-6
30.48 (1.2) 11.38 (1650) 13.72 (0,640) 0.49 2.7 x 10-5
25.40 (1.0) 9.38 (1360) 10.41 (0.410) 0.4 2.2 x 10-

3.4 0.65 38.10(1.5) 1.72 (250) 14.48 (2100) 6 31.06 (1.223) 2.36 1.3 x 10.4
34.29 (1.35) 12.98 (1880) 17.78 (0.700) 0.85 4.75 x 10-5
30.48 (1.2) 11.38 (1650) 15.34 (0.604) 0.64 3.5 x 10-
25.40 (10.) 9.38 (1Z60) 8.51 (0.335) 0.24 1.3 x 10-5

8.2 0.86 38.10 (1.5) 1.72 (250) 14.48 (2100) 6 18.42 (0.725) 0.60 3.3 x 10-5
34.29 0.35) 12.96 (1880) 10.92 (0.430) 0.27 1.5 x 10.5
30.48(1.2) 11.38 (1650) 9.40(0.370) 0.26 1.4 x 10-5

25.40(1.0) 9.38(1360) 7.62 (0.300) 0.23 1.25 x 10-5

8.8 0.55 38.10(1.5) 1.72 (280) 14.48 (2100) 5 18.29 (0.720) 0.6 3.3 x 10-5

34.29 (1.35) 12.96 (1880) 9.91 (0.390) 0.22 1.2 x 10-6
30.48(1.2) 11.38 (1650) 8.26 (0.325) 0.2 1.1 x 10. 5

25.40(1.0) 9.38(1360) 7.01 (0.276) 0.18 1.0 x 10.5

OPO3-024i-2U
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TABLE C24. SUPERPLASTIC STRAIN RATES AT 9070C (166S'F) OF SIMULATED.
COIL TI4AI4V DETERMINED FROM CONE-FORMING TESTS.

Alloy
microgtructure Averlle

Diameter Forming Stras Time at Final depth train veran rife
Volume of oone pressure in cone preuure in cone In omew in GoneGrain fractionince

( ri) ma mm (in.) MPe (psi) We (psi) (h) mm (in.) i I

3.5. 0.90 38.100.5) 0.69 1100i 5.93 (ON) 5 30.45 (1.199) 2.0 1.2 x 104S34.29 (1.351 5.34 (775) 18.85 (0.742) 0.64 3,8 x 10-5
S30.480(.2) 4.89 (680) 16.05 (0.632) 0.58 3.8 x 10-5
S25.400(.0) 3.86(5680) 11.48 (0.452) 0,40 2.5 x 10-5

S3.4 0.65 38.100(.5) 0.690(00) 5.93 (860) 5 26.80 (1.065' 1.25 7.4 x 10-5
S34.29 (1.35) 5.34 (775) 14.91 (0.587) 0.34 2.0 x 10-6

30.480(.2) 4.89 f680) 13.26 (0.522) 0.34 2.0 x 10-6
S25.400(.0) 3.86 (560) 8.13 (0.32) 0.12 7,6 x 10-6

8.2 0.86 38.10 (1.5) 0.69(100) 5.93 (860) 5 17.78 (0.700) 0.40 2.5 x 10-5

8.8 0.55 38.10 (1.5) 0.69 (100) E.93 (860) 5 16.38 (0.640) 0.32 1.9 x 10-6

2oPos77es-
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TABLE C25. SUPERPLASTIC STRAIN RATES AT 9070 C (165 00F) OF SIMULATED
COIL Ti-AI-4V DETERMINED FROM CONE.FORMINf3 TESTS.

Alloy
microstructure " AverapgDiameter Forming Strom Time at Final depth stram Araw

Grain Volume of cone pr re In tone premsure in cone In eon., in coneSgra fraction
Pre iaryti mm (in.) MPA (psi) MPa (pai) (min) mm (in.) e W11)

3.8 0.90 38.10 (1.5) 1.72 (250) 14.48 (2100) 30 21.13 (0.832) 0.69 38 x 10-4
34.29 (1.35) 12.96 (1880) 14.40 (0.467) 0.46 2.5 x 10-4
30.48 (1.2) 11.38 (1160) 11.1 (0.465) 0.35 2.0 x 10-4

25.40(l.0) 9.38(1360) 8.89 (0.342) 0.26 1.4 x 104

3.4 0.65 38.10(1.5) 1.72 (250) 14.48 (2100) 30 20.32 (0800) 0.67 3.7 x 10-4
34.29 (1.35) 12.96 (1880) 14.10 (0.555) 0.40 2.25 x 10'4
30.48 (1.2) 11.38 (1650) 11.76 (0.463) 0.38 2.1 x 10-4
25.40(1.0) 9.38 (1360) 8.69 (0.342) 0.25 1.4 x 10-4

8.2 0.86 38.10 (1.5) 1.72 (250) 14.48 (2100) 30 14.68 (0.578) 0.376 2.0 x 104
34.29 (1.35) 12.96 (1880) 11.68 (0.455) 0.3 1.7 x 104
30.48(1.2) 11.38 (1660) 8.97 (0.353) 0.23 1.3 x 10.4
25.40(10) 9.38 (1360) 6.93 (0.273) 0.18 1.0 x 10-4

8.8 0.55 38.10 (1.5) 1.72 (250) 14.48 (2100) 30 12.70 (0.50) 0.26 1.5 x 10-4

34.29 (1.35) 12.96 (1880) 8.51 (0.335) 0.135 7.5 x 105
30.48(1.2) 11.38 (1650) 7.52 (0.296) 0.16 8.9 x 10.5

25.40 (1.0) 9.38(1360) 6.56 (0.219) 0.09 5.2 x 10-5

OP708240
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APPENDIX D

THICKNESS MEASUREMENTS OF

SUPERPLASTICALLY FORMED PANS

279



iA

r - -

--- - - - - - - - - -

2 q _ _"

00 00to e
0 n O-IA g- o A

000000- - -

cc

0 -n

I-C

II 00 0 0 0 0 0 0 0 0000

A -194I epA.U-coA-I9I. P-
pejnlz -7 C4O ~ Jl C%~IU

116 c q q F, q qq q !280



rot

I% a 9 e0

1000

.4 >

I 1 C.)

U.LLI

is r o 0

a 0 0
(.4

I0 0000

281



TABLE 03. THICKNESSES AT DIFFERENT LOCATIONS OF SUPERPLASTICALLY-
FORMED BASAL-TEXTURED Ti4AI4V AT A FORMING TEMPERATURE
OF 9070C (1668°F).

Forming 1 2 3 4 5 6 7
,.!T) mm On.) mm On.) mm minm .) ) mm (In.) mm fin.)

10-4 0.736 (0.029) 0.660 (0.026) 0.635 (0.025) 1.295 (0.051) 0.991 (0.039) 0.686 (0.027) 1.57 (0.062)

0P03424250
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TABLE D4. THICKNESSES AT DIFFERENT LOCATIONS OF SUPERPLASTiCALLY-
FORMED SIMULATED-COIL Ti-AI4V (PANEL 81, GRAIN SIZE - 4.7 pm,
VOLUME % PRIMARY ALPHA - 87) FORMED AT 9W76C ((1866F)

F ormingl 1 2 3 48 7
roet

S rm in.) (mm In.) (mm in.) (mm in.) Imm in.) i.m In.) ., m in.)

1O4  0.711 (0.028) 0.559 (0.022) 0.553 (0.021) 1.47 (0.058) 1.09 (0.043) 0.686 (0.027) 1.79 (0.066)

i2r

I
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TABLE 06. THICKNESSES AT DIFFERENT LOCATIONS OF SUPERPLASTICALLY-
FORMED COMMERCIAL-GRADE 1.14-mm (0.045 IN.) TI4AI.lMo.IV FORMED
AT 949RC 11740'F).

Fomlns 1 2 3 4 5 6 7

lei) (mm In.) (mm in.) (mm in.) (mm in.) (mm In.) (mm in.) _m__i

10.3 0.457 (0.018) 0.381 (0.015) 0.256 (0.014) 1.02 (0.040) 0.737 (0.029) 0.483 (0.019) 1.12 (0.044)

10-4 0.483 (0.019) 0.381 (0.016) 0.306 (0.012) 0.406 (0.016) 0.686 40.027) 0.483 (0.019) 1.12 (0.044)

tit

284

_ 7MM



TABLE DO. THICKNESSES AT DIFFERENT LOCATIONS OF SUPERPLASTICALLY-
FORMED TI-3AI-2.5V FORMED AT 877°C (16100F).

si Grain fraetion 1 2 3 4 5 6 7
I) lphs (is-) nu (In.) mm NiOa.) mm (In.) mm (in.) mn fin.) mm fin.) mm (in.)

RI 4.5 0.87 10.4 0.584 (0.023) 0.506 (0.020) 0.509 (0.020) 0940 (0.0371 0.737 (0.029) 0.483 (0.019) 1.27 (0.050)
R2 4.3 0.47 10.4 0.559 (0.022) 0.463 (0.019 0.408 (0.0161 0.940 (0.037) 0.585 (0.023) 0.457 (0.018) 1.27 (0.050)
R3 10.2 0.87 104 0.48ft (0.019) 0.301 (0.015) 0.356 (0.014) 0.965 (0.038) 0.68,(0.027) 0.432 10.017) 1.14 (0.0451

285

.1 _______



TABLE D7. THICKNESSES AT DIFFERENT LOCATION OF
SUPERPLASTICALLY-FORMED Ti-6AIM-2S 4r-2Mo
FORMED AT 907*C (16W6°F).

VolufmeGrain fI,.. Forming 2 3 4 5 7

"" 4"n) 1 Tf) mm an.) mm On.) m ( Oni.) mm On.) mnn On.) mm On.) mm On.)

01 3.5 0.90 l 0.559 (0.022) 0.483 (0.019) 0.483 (0.019) 0,965 (0.038) 0.787 (0.031) 0.533 (0.021) 1.27 (0.060)

C02 8.2 0986 16.4 0.533(0.021)10.457(0.018) 0.406(0.016) 1.09 (0.043) 0.864(0.034) 0.564(0.023) 1.2710.0601
U ..... W6- -

286
*U.S.Govemmont PrInting Officet 1901 - 757-002/339 P


